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ABSTRACT
CHEMORECEPTOR DYNAMICS AND SIGNALING: NMR MEASUREMENTS WITHIN
FUNCTIONAL COMPLEXES
FEBRUARY 2019
MARYAM KASHEFI, B.S., SHARIF UNIVERSITY OF TECHNOLOGY
M.S., SHARIF UNIVERSITY OF TECHNOLOGY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Lynmarie K. Thompson

Bacteria employ remarkable membrane-bound nanoarrays to sense their environment and
direct their swimming. Arrays consist of chemotaxis receptor trimers of dimers that are

bridged at their membrane-distal tips by rings of two cytoplasmic proteins, a kinase CheA
and a coupling protein CheW. It is widely accepted that ligand binding to the receptor causes

a 2 Å piston motion of a helix that extends through the periplasmic and transmembrane

domains. However, it is not clear how the signal propagates 200 Å further to control activity
of the kinase bound at the tip of the receptor. Dynamic changes within the cytoplasmic

domain of the receptor have been proposed to play a key role in signal transmission. To test
these proposals, we applied solid-state NMR to study the structure and dynamics of the E coli

Asp receptor cytoplasmic fragment (U-13C,15N-CF) in native-like arrays of functional
complexes with CheA and CheW. To detect segments that experience motions on the

millisecond time scale, we use a 15N{13C} REDOR filter to remove signals from rigid backbone
viii

carbons and retain signals from backbone carbons with ms-timescale dynamics. This

experiment exhibits only 60-70% of the expected REDOR dephasing, suggesting that 40-30%
of the backbone has ms-timescale mobility that averages the ~ 1000 Hz

13C15N

dipolar

couplings. A novel REDOR-filtered DARR experiment led us to identify MH2 (methylation
helix 2) as the region with ms-timescale motion. INEPT spectra reveal dynamics on the ns or

shorter timescale. The INEPT-detectable regions are identified through a combination of
biochemical and NMR approaches, to establish that MH1 (methylation helix 1) is mobile on

the ns timescale. Interestingly, the INEPT and REDOR studies indicate the methylation region
has asymmetric mobility: MH1 has ns-timescale dynamics that increase in the kinase-off
state, and MH2 has ms-timescale dynamics that decrease in the kinase-off state. Thus these

NMR measurements of the dynamics of CF within its functional complexes provide insight

into the structural organization and signaling-related changes of the receptor methylation
region, which is responsible both for transmitting the ligand-binding signal and for
adaptation, both of which are critical to the chemotaxis response.

ix
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CHAPTER 1
INTRODUCTION
1.1. Overview of this study
Transmembrane signaling is a fundamental process in biology, but in most systems

the detailed mechanism of signal propagation is not known. Understanding the process can
provide useful insights for developing novel receptor drug targets, biosensors, antibiotics,
and cancer therapeutics [1][2]. Bacterial chemotaxis receptors serve as a tractable model
system for understanding the structural and mechanistic details of transmembrane

signaling. Chemotaxis is a response to stimulus, and chemoreceptor arrays allow bacteria to
sense their environment and respond with a biased random walk consisting of runs and

tumbles that move towards attractants and away from repellants. Chemoreceptors, also

known as methyl accepting chemotaxis proteins (MCPs), regulate a histidine kinase CheA.

CheA is responsible for phosphorylation of CheY that controls the flagellar motor rotations.
The transmembrane aspartate receptor (Tar), an E. coli receptor, is studied in this

report to explore the mechanistic details and changes in structure and dynamics. This

system involves large multi-protein transmembrane hexagonal arrays of receptors that

transmit signals into the cell to control swimming direction. The structure of these arrays

leads to high sensitivity, cooperativity, and wide dynamic range. The helical receptors form
homodimers that bind a histidine kinase CheA and coupling protein CheW at the

cytoplasmic tip. Receptor trimer of dimers are located at the vertices of the hexagon, while
CheA and CheW make a link between clusters [3].

In this work, we describe the preparation of functional complexes with native-like

structure, and the measurement of dynamics within the complex using NMR, which are

proposed to be important in the signal transmission down to the membrane-distal tip. To
1

investigate this, we use the E coli Asp receptor cytoplasmic fragment (U-13C,15N-CF) in

native-like arrays of functional complexes with unlabeled kinase CheA and coupling protein
CheW. It has been proposed that dynamic changes in cytoplasmic domain of receptor leads
to signal propagation. SSNMR let us not only map different timescale of dynamics but also

figure out dynamic changes between signaling states.

This chapter describes the two signaling states of the receptors with CheA and

CheW that provide input for chemotaxis, followed by their assembly and location in the
cells. Next, the different strategies to assemble native like arrays in-vitro are outlined.
Finally, the key objectives and findings of this study are discussed.

1.2. Chemoreceptor signaling states and methylation adaptation
Flagellated bacteria, like E. coli swim by rotating helical filaments powered using

flux of ion [4]. Bacterial movement is based on the direction of flagellar rotation at speeds of
100 Hz. Cells moves forward with counter clockwise (CCW) rotation of flagella and tumbles
with clockwise (CW) rotation. Attractants (ligands) bind to periplasmic domain of

chemoreceptor and induce a 2 Å piston-like motion of a transmembrane helix that extends

through the periplasmic and transmembrane domains [5][6][7]. However, it is not clear

how the signal propagates 200 Å further to control activity of a kinase bound at the tip of
the receptor. This work focused on cytoplasmic region to find the mechanism of signal
transfer.

Addition of repellants or absence of attractants (Figure 1.1 right, green) activates

CheA phosphorylation, followed by phosphotransfer to response regulators CheB and CheY.
CheY induces tumbling by interacting with the flagellar motor and changing the direction of
rotation to clockwise (CW). A phosphatase, CheZ, removes the phosphate from CheY. In

contrast, binding of attractants results in kinase inactivation and counterclockwise (CCW)
2

rotation of flagella motor which suppresses tumbling (Figure.1.1 left, red). The cell senses

gradients using an adaptation system involving methylation/demethylation of 4 Glu

residues [8]. CheB, a methylesterase, is activated by phosphotransfer from CheA to remove

methyls from the 4 Glu residues. CheR, a methyltranferase, adds methyls to the 4 Glu

residues [9]. After binding of attractant, the receptor methylation level increases as the

kinase-off state is a better substrate for methylation by CheR, and the inhibition of CheA

prevents phosphorylation of CheB and demethylation. The increased level of methylation
shifts the receptor back to the kinase-on state, which means it has adapted. The

pentapeptide NWETF, at the end of a flexible 36-residue segment at the C-terminus, binds to

both CheR and CheB [10].

3

Figure 1.1. Schematic diagram of E. coli chemotaxis signaling states. Chemoreceptor is a
homodimer which binds attractant in the periplasmic domain and binds CheA (His kinase)
and CheW (coupling protein) at the tip of the cytoplasmic domain. The attractant-bound state
(red receptor) inhibits CheA phosphorylation (kinase-off) and is a better substrate for CheR
(methylation-on). The attractant-free state (green receptor) activates CheA phosphorylation
and phosphotransfer to CheY and leads to tumbling of the cell [9]. Reprinted (adapted) with
permission from [9]. Copyright 2012 American Chemical Society.
The signal is amplified through receptor arrays in the cell, as approximately 35

kinases are regulated by ligand binding to one receptor [11]. These large arrays of

hexagonally packed trimers of receptor dimers in complexes with CheA and CheW organize
the receptors into a cooperative network that is essential for their function [3][12][13].
1.3. Chemoreceptor structure and hexagonal arrays

X-ray crystallography and electron cryotomography studies reveal that the bacterial

chemotaxis receptor is a predominantly α-helical homodimer that extends 380Å. Each 66 kDa

monomer consists of an 80 Å antiparallel four-helix bundle periplasmic domain (ligand

binding), a 40 Å transmembrane domain (two transmembrane helices), and a 260 Å
cytoplasmic domain [14][15]. The cytoplasmic domain consists of a HAMP (histidine kinases,

adenylyl cyclases, methyl-accepting chemotaxis proteins, and phosphatases) subdomain[16],

methylation region, flexible bundle, and a protein interaction region (PIR) that interacts with
CheA and CheW [17].

CheA is a five-domain (P1-P5) histidine kinase that binds at the membrane distal tip of

the receptor [18]. It consists of P1 which is the histidine phosphorylation domain, P2 which
is responsible for CheY and CheB regulation, P3 for dimerization of CheA, P4 which contains

the active site for ATP binding and P5 which binds to CheW and receptor. CheW is a coupling

protein which plays a role in binding CheA to receptor and signaling function.

Bacterial chemotaxis arrays are hexagonally packed receptors of trimers of dimers
4

which are located at the vertices of a hexagonal configuration surrounding a ring of CheA and

CheW. The core unit of signaling consists of two trimer of dimers receptor with two CheA

(blue) and four CheW (cyan) (Figure 1.2). The hexagonally packed arrays are highly
conserved, with 12 nm center-to-center spacing of the hexagons [19].

Figure 1.2. Chemotaxis receptor hexagonal arrays and core units. (A) Receptors form trimer
of dimers and two trimer of dimers (12 receptors) with two CheA and four CheW make the
core unit for signal activation. CheA dimers bind at the interface of two trimer of dimers to
form a core unit (left anf middle). (B) The view from below of model of hexagonal arrays
with receptor trimer of dimers at the vertices of the hexagons linked by rings of CheA and
CheW (right). The plane of the CheA/CheW proteins is parallel to the membrane. (C) Model
obtained by fitting crystal structures (3UR1, 1QU7, 2CH7) into EM electron density map.
Model coordinates courtesy of Briane Crane [3].
Figure 1.2 shows the cartoon of the array organization. X-ray crystallography of a

complex of protein fragments was combined with electron cryotomography (ECT) of native
arrays in cells to deduce a model for the arrangement of the receptor array. A crystal
structure of the complex (PDB id: 3UR1) shows that rings are formed by the P5 domain of

CheA (blue) alternating with CheW (cyan) and surrounded by six receptor dimers (gray). The
5

CheA/CheW ring was superimposed on the baseplate density in the tomogram. The six

receptors trimer of dimers (gray) were based on fitting crystal structures of receptor
cytoplasmic fragments (PDB id: 1qu7 and 2CH7) into the tomogram. By fitting the structure

into EM map, the four helix bundles were extended to HAMP domain and also separated at

the tip. The hexagonal order decreases around the membrane and higher density was seen
around the receptor tips where the receptor binds to CheA and CheW [3].

1.4. In-vitro assembly of the receptor complexes

Investigating chemoreceptor mechanism is challenging because it requires

assembling a functional complex with native structure. There are different ways of making

functional complexes of intact receptors in native membrane vesicles and nanodiscs

[20][21], but these complexes are heterogeneous due to the lack of control of receptor

orientation. So far, there is no way of making homogeneous functional complex of intact
receptors with CheA and CheW.

Homogeneous functional in-vitro complexes of a receptor cytoplasmic fragment

(CF) can be made using a vesicle-mediated template assembly method developed by Weis

and coworkers [22][23][24]. In this method the N-terminal hexa-histidine tag of CF binds to

Ni-chelating lipids (Figure 1.3, left). CheA and CheW must be present to avoid making a non-

native zippered receptor structure. In our laboratory, we are using TEV-cleavable His-

tagged constructs of CheA and CheW, to efficiently purify large quantities of these proteins
that will not bind to the nickel-chelating lipid. ECT demonstrates the vesicle template

samples contain large native-like arrays [25]. Another assembly method uses a molecular

crowding agent (eg PEG 8000) instead of vesicles to restore kinase activation [26]. PEG-

mediated assemblies also form extended native-like arrays visible by EM. These complexes

are organized as a sandwich of two layers of CF associated into trimers of dimers with the
6

same 12 nm hexagonal spacing as observed for intact receptors (Figure 1.3, right). The two

CF layers overlap in the middle at their truncated N termini and bind layers of CheA and
CheW on the exterior of the sandwich [27].

Figure 1.3. Vesicle and PEG-mediated functional complexes. (A) Vesicle contains lipids with
nickel-chelating head groups that binds to N-terminal His-tag of the CF (dark gray). CheA
(blue) and CheW (cyan) bind to tip of the receptor to make functional active complexes.
This assembly restores the ability of the receptor to activate autophosphorylation of CheA
for phosphotransfer to CheY (yellow). (B) PEG make a sandwich assembly of
chemoreceptors (gray) with outer layers of CheA (blue) and CheW (cyan).
1.5. Proposed roles of dynamics

Protein dynamics plays an important role in signaling pathways [28][29] and

understanding the function and mechanism [30][31]. For instance, Gierasch and coworkers

have worked on Hsp70, which binds to hydrophobic regions of proteins and plays role in

protein homeostasis. They reported that this crucial function relies on communication
between an N-terminal nucleotide-binding domain (NBD) and a C-terminal substrate-binding
domain (SBD) mediated by Hsp70 interdomain linker. The linker act as a dynamic switch
which is flexible when NDB is bound to ADP (undocked). It has been showed by molecular

dynamic simulation and mutational studies that this linker has a restricted set of motion
7

which leads to interaction with a specific pocket on SBD and signal transmission in Hsp70s
[31].

How does the signal propagate down to the tip of the receptor and change

phosphorylation activity of the kinase, which is ≈ 200 Å away from periplasmic domain? This
is still a significant question in the chemotaxis field. It is been proposed that dynamic changes

through the cytoplasmic domain play an important role in signal propagation. Falke and
coworkers developed the yin-yang hypothesis for signal transduction using disulfide

crosslinking. They suggested there is strong helix packing in methylation region of the kinaseon state, but strong helix packing in the protein interaction region (PIR) of the kinase-off state
[32]. Parkinson and coworkers also proposed that the methylation domain is more dynamic

in the kinase-off state and less dynamic in the kinase-on state, while the HAMP domain has

inverse dynamics [33]. Figure 1.4A depicts these proposals that the kinase-inhibited state of

the cytoplasmic domain has a destabilized methylation region, and a stabilized HAMP and

protein interaction regions. This inverse stabilization/destabilization was initially proposed
to propagate the signal from the transmembrane domain to the receptor tip to control kinase
activity of CheA.

So far, EPR studies by Hazelbauer group on Tar receptor in nanodiscs supported more

dynamics in the methylation region of the kinase-off state. However, they reported no

changes in dynamics of protein interaction region [34]. Furthermore, the Crane EPR lab

studies of receptor cytoplasmic fragments with HAMP reported inverse dynamics of the

HAMP and protein interaction regions, with the kinase-on state showing increased mobility
in the HAMP and decreased mobility in the PIR [35]. These EPR studies of the intact receptor

[34] or cytoplasmic fragments [35], not in functional complexes with CheA and CheW, did
not support inverse dynamics between the methylation and protein interaction regions.
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Hydrogen deuterium exchange (HDX) investigated dynamic changes between signaling

states in functional complexes with CheA and CheW for the first time [36]. This study
demonstrates that both methylation and PIR regions are less dynamic in kinase-on state, but

did not provide any information for regions with fast exchange (methylation helix 1, MH1).

Figure 1.4 B show this proposal in which dynamics change in the same direction for
methylation and protein interaction region.

Figure 1.4. Dynamic models for chemoreceptor signal propagation. Ligand binding (red
triangle) leads to 2 Å piston motion through the periplasmic and transmembrane regions
(left receptor homodimer). This leads to deactivation of CheA phosphorylation. (A) This yinyang mechanism by Falke [32] proposes that the ligand-induced piston results in decreased
dynamics (blue boxes) in the HAMP and PIR (also called the signaling subdomain) and
increased dynamics (red box) in the methylation region to turn off the kinase. This pattern
in reversed for kinase-on state (right receptor homodimer). (B) In this revised model, the
dynamics increase in both the methylation and protein interaction regions in the kinase-off
state. This model is consistent with the results of Parkinson (inverse HAMP/methylation
region dynamics) [33], with the EPR studies of Hazelbauer (methylation region dynamics
increase in kinase-off state [37]) and Crane (inverse HAMP/PIR dynamics [35]), and the
HDX studies from our lab (same methylation/PIR dynamics [36]).
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Solid-state NMR (SSNMR) can measure dynamics and dynamic changes in functional

complexes in both vesicle and PEG-mediated samples at different timescales, to complement

and extend the results of HDX-MS. For instance, HDX-MS cannot measure differences between

signaling states for peptides with fast deuterium exchange (complete in 3 minutes) from MH1
and the C-terminal tail of receptor. SSNMR can interrogate these regions and also provide
insight into the timescale of dynamics throughout the receptor.
1.6. Objective of this study

This report describes the use of solid-state NMR to study the structure and dynamics

of the E coli Asp receptor cytoplasmic fragment (U-13C,15N-CF) in native-like arrays of

functional complexes with the kinase CheA and coupling protein CheW. Such approaches are

applicable to understanding how other proteins work within the large complexes found in

the cell. To investigate dynamic changes between signaling states, we use CF4Q complexes

for the kinase-on state and CF4Q.A411V complexes for the kinase-off state [38]. A411V is a

mutation in the signaling domain of the intact receptor which was shown to assemble

complexes in a locked-off kinase state. We measured kinase and methylation of vesicleassembled complexes of CF4Q.A411V to confirm that the sample is kinase-off and

methylation-on, which mimics the properties of the native signaling state. As discussed in
methods in Chapter 2, homogeneous, native-like complexes are made with both vesicle and
PEG mediated assembly, and activity, sedimentation and methylation assays confirm
functionality.

Chapters 3 and 4 of this thesis describe NMR studies of dynamics on different

timescales. Chapter 3 shows how SSNMR detects receptor segments that experience motions

on the nanosecond timescale. We employed an INEPT filter to remove signals that have short
T2 relaxations times and decay during the INEPT delays. The regions with nanosecond
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timescale mobility observed in INEPT spectra are identified via biochemical and NMR

strategies. The methylation helix connecting the cytoplasmic domain to HAMP (MH1)

exhibits remarkable dynamics, comparable to the dynamics of the unstructured C-terminal

tail of the receptor. Chapter 4 describes a new method for detecting protein segments with

slower motions on the ms timescale that is relevant to domain motion and global folding

processes. We show how 15N{13C} REDOR of a U-13C,15N-protein can be used to estimate what
fraction of the protein experiences ms-timescale dynamics. We also implement a

15N{13C}

REDOR filter to remove signals from rigid backbone carbons and retain signals from the
dynamic backbone carbons. Using these methods we show that 30-40% of the CF backbone
experiences ms-timescale dynamics and we identify the second methylation helix (MH2) as

the likely region with ms-timescale dynamics.

Chapter 5 presents preliminary experiments to test dynamic changes in a proposed

salt-bridge. Mutagenesis studies by Parkinson and coworkers proposed a salt-bridge in
kinase-on state at the tip of the receptor that is broken in the kinase-off state [39]. In this

chapter we explain the design and preparation of an appropriate NMR sample for a 15N{13C}

REDOR experiment to test this proposed signaling-related conformational change.

Finally, in Chapter 6 we incorporate the results of our NMR measurements of

dynamics into a model for the structure and signaling-related changes of the methylation

region, which we relate to other results and proposals in the literature. Thus we demonstrate

the promise of using solid-state NMR to measure dynamics throughout a protein

incorporated into a native-like functional assembly to gain insight into other important
systems.
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CHAPTER 2
MATERIALS AND METHODS
2.1. Plasmid construction
PCR primers used for plasmid construction are listed in Table 2.1. The PCR reactions

were done in a thermocycler (Eppendorf Master Cycler personal or BioRad MJ Mini) using

reagents from New England Biolabs. Plasmids expressing TEV-cleavable His-tagged proteins

were constructed by Aruni Karunanayake for ease of purification. The CheY, CheA, and
CheW-expressing regions were PCR-amplified from pT7 (CheY), pET6H-CheA, and pET6H-

CheW plasmids, respectively. PCR products were separated in 1% Agarose gels, and each

product with the expected length was gel-purified (QiAquick gel extraction Kit, Qiagen). The

purified product was cloned into the pETite vector system using ExpressoR T7 cloning &

Expression System (Lucigen Corporation, WI). PCR products and linearized pETite vectors

were transformed into HI-Control 10G chemically competent cells and recombinants were

screened for kanamycin resistance. The resulting pTEVcheY, pTEVcheA, and pTEVcheW
plasmids express each protein with a TEV-cleavable N-terminal His-tag. Cloning was
confirmed by sequencing (Genewiz, South Plainfield, NJ).
Table 2.1. PCR Primers used for plasmid construction.
Construct
HisTevCheY
His-TevCheA
His-TevCheW

CF4QΔ34

CF4Q.A411
V

PCR Primers
F:5'CATCATCACCACCATCACGAAAACCTGTATTTTCAGGGAGCGGATAAAGAACTTA
AATTTTTGG 3'
R:5'GTGGCGGCCGCTCTATTACATGCCCAGTTTCTCAAAGAT 3'
F:5' CATCATCACCACCATCACGAAAACCTGTATTTTCAGGGAAGCATGGATATA
AGCG 3'
R:5' GGCCGCTCTATTAGGCGGCGGTGTTCGCCATACG 3'
F:5'CATCATCACCACCATCACGAAAACCTGTATTTTCAGGGAACCGGTATG
ACGAATGTAAC 3'
R:5'GGCGGCCGCTCTATTACGCCACTTCTGACG C 3'
F: 5’-TGACGAGTATTTACTAACGCG -3’
R: 5'- GTTAGTAAATACTCGTCATGGGCTGGCTGCCAGACG -3'
F: 5’- GTCGCAGCGCCCAGGTGGCAAAAG -3’
R: 5'- CTTTGATCTCTTTTGCCACCTGGGCGC -3'
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A plasmid expressing CF4Q with 34 residues truncated from the C-terminus

(pCF4QΔ34) was constructed to help assign the mobile segments of CF. A plasmid expressing

CF4Q with A411 mutated to V was constructed to represent the kinase-off state [38]. Site-

directed mutagenesis was used to introduce either a new stop codon (pCF4QΔ34) or the

A411V mutation (pCF4Q.A411V) into pHTCF4Q (pHTCF4Q expresses an N terminal His tag
(MRGSHHHHHHGSP) appended to resides 257-553 of the E coli Asp receptor)[22]. The PCR

products were confirmed by gel electrophoresis in a 1% agarose gel, subjected to DpnI

digestion, and transformed into DH5αF’ competent cells for plasmid purification. Sequences

were verified for both plasmids (Genewiz).
2.2. Protein purification

2.2.1. Tar His-tag cytoplasmic fragment (CF)
Since the CF expression plasmids do not contain lacIq (pHTCF4Q [22], pCF4Q∆34,

pCF4Q.A411V [40], all encoding ampicillin resistance), all were co-transformed into

BL21(DE3) with pCF430, which encodes lacIq and tetracycline resistance. Cells harboring CF
expression plasmids were streaked on Luria-Bertani (LB) agar plate with 150 µg/mL

ampicillin (amp) and 10 µg/mL tetracycline (tet) and incubated at 37°C overnight. Next

day, a single colony was inoculated into 2 mL LB with same concentration of Amp/tet and

grown to OD600~0.6 at 37° C with 200 rpm shaking. The 2 mL LB were divided to 2 culture
tubes, one containing just the culture and the other 1mM IPTG added to the culture for

induction and protein expression check by growing at 37°C with 200 rpm shaking for 1

hour. The OD of both cultures were measured and based on the OD, the gel samples were

made and run on 15% SDS-PAGE gel. The uninduced culture with the best expression was

used to inoculate 1L of LB with same concentration of Amp/tet. The large culture was
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incubated at 37° C with 200 rpm shaking until OD600 reached ~0.6, followed by induction

with 1 mM IPTG for at least 3 hours. Cells were harvested by centrifugation at 3600 rpm

(Beckman Coulter Allegra 6R Tabletop centrifuge, G38 swinging bucket rotor) at 4°C for 30
min, and stored in lysis buffer (75 mM KxHxPO4, 500 mM NaCl, 5 mM imidazole, and 1mM

EDTA at pH 7.5). The cells were flash frozen in liquid nitrogen and stored at -80° C; at the

time of purification cells were lysed with a microfluidizer (Microfluidics, Inc) at 16K psi; 1

mM PMSF (from 200 mM stock in ethanol) was added every hour after cell lysis to inhibit
proteolysis. Cell debris was separated by centrifugation at 10,000 rpm at 4°C for 120 min

(Sorvall RC-5B centrifuge, SS-34 rotor). The supernatant was then passed through the 0.22

μM filter syringe to get rid of any remaining particulate and then applied to a HisTrap FF

Ni2+-NTA affinity column (GE Healthcare) equilibrated with 10 column volumes of

equilibration buffer (75 mM KxHxPO4, 500 mM NaCl, and 5 mM imidazole with pH 7.5). The

column was washed with 10 column volumes of wash buffer (75 mM KxHxPO4, 500 mM

NaCl, and 50 mM imidazole with pH 7.5) to remove weakly bound proteins, and CF was

eluted with elution buffer (75 mM KxHxPO4, 500 mM NaCl, and 500 mM imidazole with pH

7.5). Eluted protein was detected by SDS-PAGE before pooling fractions; 5 mM EDTA was
added to chelate any Ni2+ stripped from the column. To remove EDTA and reduce the

imidazole concentration, dialysis was done overnight at 4°C against dialysis buffer (75 mM
KxHxPO4 and 75 mM KCl with pH 7.5) with 7000 Da molecular weight cutoff SnakeSkin
tubing (Thermo Scientific).

For isotopic labeling, BL21(DE3) Cells harboring CF expression plasmids were grown

in M9 minimal media using U-13C-glucose and (15NH4)2SO4 as the carbon and nitrogen

sources. Starter cultures were prepared from single colonies grown on LB amp/tet plates that
were inoculated into 2 mL LB broth with same concentration of antibiotics, and grown at 37°C
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and 200 rpm shaking until OD600~0.6. This culture was used to inoculate 1 L of minimal
media and grown overnight at 30° C with 200 rpm shaking, followed by induction with 1 mM

IPTG for at least 5 hours at 25° C. Cells were harvested by centrifugation and purification as

described above. BCA assay (Thermo Scientific) protocol was employed for measuring the
concentration of the protein. Proteins were aliquoted into Eppendorf tube, flash frozen with
liquid nitrogen, and store at -80°C.

2.2.2. TEV-cleavable His-tagged CheW, CheA and CheY
CheW (pTEV-cheW, kanR), CheA (pTEV-cheA, kanR) and CheY (pTEV-cheY, kanR)

proteins were expressed in BL21(DE3) in LB broth with kanamycin (50µg/mL). As explained
in section 2.2.1 for Tar CF, protein expression was checked, then cells were grown at 37° C

until OD600~0.6, induced with 1 mM IPTG, grown overnight for 4 hours at 30° C for CheW and

CheA or 16 hours at 15° C for CheY, and then harvested by centrifugation. The same

purification protocol was used as for CF, except buffers contained 75 mM Tris-HCl pH 7.4 and

100 mM KCl (lysis buffer), plus 10 mM imidazole (wash buffer) or 250 mM imidazole (elution
buffer). Fractions containing protein were pooled; 5 mM EDTA was added before dialysis

against lysis buffer followed by His-tag cleavage. The A280 was used to measure protein

concentrations (using extinction coefficients of 25000 M-1cm-1 for CheA, 5120 M-1cm-1 for
CheW, and 6970 M-1cm-1 for CheY [41]).

TEV cleavage to remove the His-tag was performed using a 1:40 ratio of TEV-protease

:substrate, incubated at 4° C overnight while stirring, followed by 2-3 hours at 25° C. SDS-

PAGE (12.5% acrylamide gel) was used to verify cleavage. The His-tagged TEV protease was

then removed using nickel-affinity chromatography on a column equilibrated with lysis

buffer. The digested sample was loaded on the column and the cleaved CF was collected in
the flow-through.
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TEV-protease was expressed with an N-terminal His tag, from plasmid pRK793

(ampR) expressed in BL21(DE3)-RIL (camR). The plasmid was a gift of D. Waugh, Addgene

plasmid 8827 [42]. Cells were streaked on an LB/Agar plate containing 150 µg/mL ampicillin

and 50 µg/mL chloramphenicol, and incubated at 37°C overnight. Expression and growth

protocol was the same as Tar CF in section 2.2.1, except induction with 1 mM IPTG at 30°C
for 4 h. The purification process is the same as above with same buffer as described for CheW,
CheA and CheY, in section 2.2.2. Proteins were aliquoted into Eppendorf tubes, flash frozen

with liquid nitrogen, and stored at -80°C.
2.3. Vesicle preparation

DOGS-NTA-Ni2+ (1,2-dioleoyl-sn-glycero-3-[[N(5- amino-1-carboxy-pentyl) and

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) lipids (Avanti Polar Lipids) were

combined in a 1:1.5 ratio in chloroform. Lipids were dried in a round-bottom flask in a thin
layer first with nitrogen gas and then placed under vacuum for 1 hour, then resuspended in
potassium phosphate kinase buffer (PPKB: 50mM KxHxPO4, 50mM KCl, 5mM MgCl2, pH 7.5)

to make a 3 mM stock solution containing 40% nickel-chelating lipid. After repeated
vortexing of lipid in PPKB (30 s vortex, 5 min rest, repeated 3 times), the multilamellar

vesicles were freeze-thawed (30 s in liquid nitrogen, 3 min at room temperature, 3 min at

37˚C, repeated 5 times) to make unilamellar vesicles. Vesicles were extruded by 15 times
passing through extrusion apparatus (Avanti Polar Lipid) with a 100 nm diameter pore size
membrane.

2.4. Complex assembly
2.4.1. Vesicle-mediated complex assembly
Vesicles complexes were assembled as previously described [22] with some

modifications. The final concentration of 725 µM lipid was chosen in the assembly with
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concentrations of 30 μM CF, 12 µM CheA and 24 µM CheW to provide sufficient surface area

to accommodate all CF and make native stoichiometries of ~ 6 CF:1 CheA: 2 CheW [40]. In
brief, arrays were assembled by combining (in order) autoclaved water, stock solutions of

PPKB (5x), CheA, CheW, vesicles, CF, and PMSF. Final concentrations in the assembly were 12
µM CheA, 24 µM CheW, 725 µM lipids, 30 µM CF, and 1 mM PMSF. Complexes were incubated
at 25˚C for 4 hours or overnight before measuring sedimentation and kinase activity.
2.4.2. PEG-mediated complex assembly

PEG 8000 and D-(+)-trehalose stocks were prepared as 20% and 40% (w/v) stock

solutions respectively, dissolved in Milli-Q water and passed through a 0.22 µm sterile filter.

PEG-mediated arrays were assembled by combining (in order): autoclaved water, stock
solutions of PPKB (5x), CheA, CheW, PEG, trehalose, CF, and PMSF. Final concentrations in the
assembly were 12 µM CheA, 20 µM CheW, 4% (w/v) PEG 8000 and 4% (w/v) D-(+)-trehalose,

50 µM CF and 1 mM PMSF. The mixture was incubated at 25˚C for 4 hours or overnight before
measuring the kinase activity.

2.5. Biochemical characterization
2.5.1. Kinase assay
The kinase activity was measured using an enzyme-coupled ATPase assay as

previously described [22]. The assembled complex was diluted 100-fold (2 μL of complex into

200 µL total) into potassium phosphate kinase buffer (as explained in section 2.3) with 55

μM CheY, 2.2 mM phosphoenolpyruvate (PEP), 4.0 mM ATP, 250 µM NADH, and 20 units of

PK/LDH enzymes, obtained from SigmaAldrich. The kinase activity (s-1), defined as the linear
change in absorbance at 340 nm over 90 s: d[ADP]/ dt = -6220 (dA340/dt). The background

slope from the 55 μM CheY sample in the absence of complex was first subtracted from slope
for the complex. The activity per total CheA was calculated based on total concentration of
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CheA in the sample and the specific activity was computed based on the fraction of CheA
bound to vesicles, by dividing total activity by the CheA concentration bound to vesicle

(quantified by binding assay, described in 2.5.2).
2.5.2. Binding assay

For the binding assay (sedimentation assay), at least 35 µl of the assembled complex

was centrifuged for 30 min at 25°C and 125,000g in a Beckman ultracentrifuge (60,000 rpm

in a TLA 120.2 Beckman rotor). The supernatant was carefully transferred to another

Eppendorf tube and the pellet was resuspended in the original volume in autoclaved Mili-QH2O and vortexed. Gel samples of the total (before centrifugation, mix of free and bound
protein), supernatant (free protein), and resuspended pellet (bound protein) were separated
by SDS-PAGE (12.5% acrylamide) and stained by Gel-code blue (Pierce Chem. Co.). The gel

bands were analyzed using ImageJ software [43]. The bound fraction of each protein was

calculated as (intensity of total – intensity of supernatant)/(intensity of total band). The
protein stoichiometry was measured in two ways: first by the ratios of the concentrations
measured from the total minus supernatant, and second by the ratios of pellet fraction band

intensities. Both ways were shown the same resulting stoichiometries and were averaged to

calculate the reported stoichiometry. Diluted series of known concentration of proteins were

ran in the same gel to make a calibration curve and correct the background intensity and
measure the protein concentrations and ratios. To avoid distortion of gel bands due to high
PEG concentrations, reduced sample volumes of 1.5 – 2 μl of PEG samples (compared to 5 µl

for vesicle samples) were loaded onto 20% acrylamide gels. The protein concentrations for
assembly were chosen to maximize activity and reach the 6:1:2 binding ratio of CF:A:W.
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2.5.3. Methylation assay
Methylation of the CF was measured after assembling functional vesicle complexes

as described above (2.4.1). A final concentrations of 6 µM CheR (prepared by Guoyong Li

previously) and 10 µM S-adenosyl-L-methionine (SAM, Sigma Aldrich) were added to the

complexes to initiate methylation. Aliquots (20 µl) were removed after 10 min and 4.5

hours, quenched by addition of gel-loading buffer, and subjected to SDS-PAGE using a 10%

polyacrylamide gel [22]. The methylated and unmethylated proteins are separated on this
gel, and the relative amounts were quantified with ImageJ software [43].
2.6. Disulfide Cross Linking

1,1′-azobis(N,N-dimethylformamide) (diamide) and N-ethylmaleimide (NEM) were

purchased from Sigma Aldrich. 100 mM NEM stock solution was dissolved in 100% DMSO

and 100 mM diamide stock concentration was dissolved in distilled water. Final

concentration of 180 μM diamide was added to CF4E.S272C for disulfide crosslinking. At

various time points (10 min, 1 hour and overnight) 20 μl aliquots were removed into

Eppendorf tubes and 10 mM NEM was added for quenching. Gel samples were made with

both reducing and non-reducing gel loading buffer, to eliminate dimers and monitor dimer

crosslinking, respectively. SDS−PAGE was performed on 10% acrylamide gels to measure

the extent of crosslinking; protein bands intensities were analyzed using ImageJ software.
2.7. Solid-State Nuclear Magnetic Resonance (SSNMR)

2.7.1. NMR sample preparation
Each NMR protein sample was assembled as 4 ml of the complex mixture and

incubated overnight at 25° C in a circulating water bath. The activity and sedimentation

were measured to insure successful assembly before packing the NMR rotor. Total kinase

activities per total CheA were typically 5–7 s–1 and protein binding stoichiometries were ~ 6
19

CF:1 CheA:2 CheW. Complexes were collected by ultracentrifugation at 108,000g and 25 ˚C

for 2 hours (55,000 rpm in a TLA 120.2 Beckman rotor). The rotor was weighed before and

after sample packing. To pack the 1.9 mm Bruker rotor, a 200 µL gel-loading pipette tip was

prepared by slicing the narrow end to create a hole the size of the top cap of rotor, which

was then flame-sealed. The jelly-like pellet was transferred with a spatula to this pipette tip

and then centrifuged down into the sealed tip (7-10s in bench-top microfuge at 14,000 rpm)

using a 1.5 ml Eppendorf as a container. The sealed tip was cut and placed into the opening
of a 1.9 mm rotor for an additional centrifugation to transfer the sample into the rotor.

Approximately 14 mg of each pellet was packed to fill the volume of each 1.9 mm rotor. The
mass of CF in each sample was calculated as (total volume of complex)*(CF

concentration)*(packed sample weight) /(total pellet weight). Due to reproducible

assembly and packing conditions, all samples of each type (vesicle or PEG) contained very
similar amounts of CF, as listed in Table 2.2.

Table 2.2. CF amounts in NMR samples used for INEPT study (Chapter 3).
NMR

Vesicle

nmol CF:

79.7

sample:

CF4Q

Vesicle

CF4Q.A411V
81.0

Vesicle

CF4QΔ34
78.9

PEG

CF4Q

120.2

PEG

CF4QΔ34
122.3

To pack rotors with solid powder samples, the sample was first ground well in the

mortar. Then with the rotor secured in the packing funnel, the sample was pressed into the

rotor using “tapping and hammering” of the filling tool (firm, but gentle). The capacity of the

rotor for a solid powder is between 15-20 mg, depending on the size of crystal. To pack the
the 8 mg of U-13C,15N-f-MLF sample we added unlabeled KBr at the top and bottom of the
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rotor to center pack the MLF. KBr was ground, but the MLF was packed without grinding to

minimize sample loss.

2.7.2. Handling 1.9 mm rotor
The cap removal tool must be used for taking out both top and bottom caps of the

rotor. The rotor is inserted into the hole of the cap removal tool and toward the cap until it
clicks as the tool grabs onto the cap. Then clean and dry your hand with ethanol and

Kimwipe to avoid dropping the rotor. Pull to separate the cap from the rotor without

twisting, just pull straight. Make sure to hold the rotor near the top to make it easier to pull.

After each unpacking of the rotor, check both caps on the microscope for possible damage

before packing rotor again. If caps are damaged by improper use of the cap removal tool,

they should be replaced with a tight and undamaged cap. The cap should be tight enough for
the rotor and not loose enough to remove easily by hand. Use the packing tool gently

squeeze both caps so that they are well-seated on the rotor and check them with a magnifier
or microscope. After each unpacking, check the rotor for possible cracks using sharpie and
ethanol: (1) use a fine tip sharpies and paint the rotor near both caps, (2) wipe off with

ethanol, and (3) check under the microscope for any cracks on the rotor. The marks will be
wiped off for undamaged piece, but the cracks would retain the color. For newly packed

rotor check the rotor spins before putting the probe in the spectrometer. It should make a

smooth spinning sound and increase the spinning. If the rotor does not spin well first check

the sample packing and then try loosening the screw of the inlet (very slight; ≈ one-tenth of

a turn). If it starts spinning, tighten the screw back and put the probe in the spectrometer.

2.7.3. NMR Spectroscopy

All NMR experiments were done on a 14.1 T Bruker Avance III spectrometer (1H =

600 MHz, 13C = 150 MHz, 15N = 60 MHz) in a 1.9 mm HNCF probe. A one-dimensional (1D)
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sequence for CP/MAS was used with 11.11 kHz MAS, a contact time of 2 ms, and a recycle

delay of 1 s. The 90° pulses were 3.2 μs and 5.0 μs for 1H and 15N, respectively, with SPINAL64 1H decoupling at 78 kHz. 1D INEPT and CP spectrum contained the combined FIDs for

2400 scans. 2D INEPT experiments on vesicle-mediated complexes were conducted at 40

kHz MAS with a 0.3 s recycle delay; 2D INEPT experiments on PEG-mediated complexes were
conducted at 11.11 kHz MAS with a 1 second recycle delay. The 90˚ pulses were 3.2 µs, 5 µs,

and 4.5 µs for 1H,

15N,

and

13C,

respectively, with SPINAL-64 decoupling at 78 kHz. INEPT

parameters were chosen for 90 Hz JNH-couplings and 125 Hz JCH-couplings. Each 2D

experiment contained 64 points in the indirect dimension (1200 scans per slice), for a total
experiment time of approximately 7 hours (vesicle-mediated complexes) and 21 hours (PEG-

mediated complexes). Proton T1 values were measured using a saturation-recovery pulse
sequence.

13C

13C{15N}

REDOR experiments were performed with π/2 pulse lengths for 1H, 15N, and

of 3.2, 8.1, and 4.5 μs respectively at 11.11 MAS (regulated to within ±20 Hz by a MAS

controller) and 1 second recycle delay. 1H−13C cross-polarization was performed with a

contact time of 2 ms, and 1H B1 field centered at 78.1 kHz (30% ramp) with SPINAL-64

decoupling. Two-dimensional 13C-13C correlation spectra were collected using cross-

polarization followed by t1 evolution and then dipolar-assisted rotational resonance

(DARR) mixing times of 20 ms before t2 evolution. A REDOR-filtered DARR pulse sequence
was constructed by inserting REDOR dephasing pulses between the cross-polarization and
t1 evolution of a CP-DARR experiment (Figure 2.1). The S0 version (no dephasing pulses)

gives a 13C-13C DARR spectrum uniformly attenuated by T2 decay during the REDOR

segment. The S version (with an appropriate number of dephasing pulses) will attenuate
signals of carbons bound to nitrogen, retaining only the mobile Cα and CO of a protein

backbone in t1, with correlations to nearby carbons in t2. The 2D DARR and REDOR-filtered
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DARR experiments on the U-13C,15N -CF4Q sample consist of 600 points in the indirect

dimension with 256 scans each (1 s recycle delay) for a spectral width of 44.44 kHz, and a
total experiment time of approximately 43 h The 2D DARR and REDOR-filtered DARR

experiments on the f-MLF sample consist of 600 points in the indirect dimension with 16
scans each, for a total experiment time of 170 min.

Figure 2.1. 2D REDOR-filtered DARR pulse sequence. After 1.5 ms REDOR dephasing, only
carbons without strong dipolar couplings to nitrogen remain, corresponding to (1) carbons
without directly bonded N and (2) carbons with directly bonded N that experience sufficient
ms-timescale dynamics to significantly reduce the effective carbon-nitrogen dipolar
coupling. DARR is used to observe 13C-13C correlations of these remaining carbons. In a
protein, correlations with backbone CO and Ca in ω1 correspond to regions with ms
timescale dynamics.
2.7.4. Temperature calibration
All reported temperature values are sample temperatures, estimated as follows. The

heating due to MAS was determined by measuring the spin-lattice relaxation rate of 79Br in
KBr [44], at the same MAS and gas flow rate as the experimental conditions. The heating due
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to decoupling was determined by measuring the proton chemical shift of TmDOTP [45],

within a sample of DMPC vesicles in the sample buffer for equivalent ionic strength.

Measurements of heating due to MAS at various spin rates were used to choose a

cooling/spinning protocol needed to maintain the sample temperature between 283-288 K
during stepwise increases of the MAS from 11 kHz to 40 kHz. At 11.11 kHz MAS, the gas

temperature is approximately equal to the sample temperature, and our decoupling

conditions heat the sample by approximately 5 ° C. So, for an unfrozen sample at 11.11 kHz,

the gas temperature was set to 283 K to maintain the sample temperature between 283-288
K. For frozen samples at the same MAS speed, the gas temperature was set to 248 K, which

temperature calibration measurements indicate maintains the sample temperature between
258-263 K.

2.7.5. NMR Data analysis
Topspin 3.2 was used for data processing. One-dimensional CP and INEPT

experiments data were processed with 100 Hz of exponential line broadening. All Twodimensional NMR data were processed using baseline correction (subtraction of the average

intensity for the last quarter of the FID : BC-mod = quad and BCFW = 0.1 ppm in Topspin),

linear prediction in the indirect dimension (16 points), cosine-bell multiplication, and zero
filling in both dimensions. 13C chemical shifts were referenced to adamantane at 40.5 ppm

(relative to DSS at 0 ppm)[46]. Indirect chemical shift referencing of 15N and 1H was calculated

based on 13C, by SR(X) = [BF(13C) +SR(13C)]*gX/gC – BF(X) where, X is 15N or 1H, and g is the
gyromagnetic ratio [47].

Peak volumes and S/S0 ratios were analyzed with Sparky (UCSF). The lowest contour

level was set to 6 times the estimated noise (2000 points) and the peak volumes for all

resolved peaks were measured using the Gaussian fitting integration method (default
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settings plus fit baseline). For unresolved peaks, the sum over the box method was used to
find the combined volume of the peaks.

REDOR data points for U-13C,15N-CF complexes are integrals of the Cα region (50-75

ppm) and CO region (170-190 ppm). 13C{15N} REDOR dipolar dephasing curves are

calculated using SIMPSON [48]. These curves are corrected for other contributions to the Cα
and CO integrals, as discussed in the text and in Tables 1 and 2. The CheA, CheW, and lipid

natural abundance contribution is negligible compared to U-13C-CF. With a ratio of CF:A:W

in the complexes of 6:1:2, the residue numbers for each protein times the molar ratio times

the percentage 13C give us less than 0.01 contribution for CheA and CheW (CF:

6*310*1=1860, CheA: 654*1*0.01=6.54, CheW: 167*2*0.01=3.34). The lipid:CF = 145:6 and
each lipid has two CO, so the lipid also has a negligible contribution (145*2*0.01=2.9).

Standard deviations of the S0 and S peak areas are calculated as the standard deviation of
the baseline in the spectra times the square root of the number of points integrated.

Standard deviations of ΔS/S0 are calculated by error propagation; error bars are ± one
standard deviation.
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CHAPTER 3
SIGNALING-RELATED MOBILITY CHANGES IN BACTERIAL CHEMOTAXIS RECEPTORS
REVEALED BY SOLID-STATE NMR
This chapter describes the use of solid-state NMR to study the structure and

dynamics of the receptor cytoplasmic fragment (U-13C,15N-CF) in native-like arrays of

functional complexes with the kinase CheA and coupling protein CheW. We employ

mobility-filtered solid-state NMR (INEPT) to detect segments of the receptor that are

dynamic on the nanosecond or shorter time scale. This chapter was published in the article
“Signaling-Related Mobility Changes in Bacterial Chemotaxis Receptors Revealed by SolidState NMR” in Journal of Physical Chemistry B [49].

3.1. Introduction

It is increasingly clear that protein dynamics play an important role in signaling

pathways. Binding of a signaling molecule sometimes induces no change in the protein
structure, but instead changes its dynamics [30]. Bacterial chemotaxis receptors, an excellent

system for investigating mechanisms of transmembrane signaling, are thought to undergo
changes in dynamics as part of the signaling mechanism [37]. Like most proteins that perform
critical processes for the cell, chemotaxis receptors function within a multi-protein complex

[50]. Measurement of dynamics within functional complexes of chemoreceptors will provide
insight into the mechanistic role of protein dynamics in transmembrane signaling.

Bacterial chemotaxis involves large (>100 MDa) multi-protein hexagonal arrays of

transmembrane receptors that transmit signals into the cell to control swimming direction.
These arrays, which have been observed in a wide range of chemotactic bacteria as well as in

some Archaea [51], enable signaling with high sensitivity, cooperativity, and wide dynamic
range. In native arrays in bacteria, the homodimeric helical receptors are arranged as
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hexagons of trimers of dimers, and these hexagons are bridged at their cytoplasmic tips by
rings of two alternating proteins, a histidine kinase CheA and a coupling protein CheW

(Figure 3.1) [3,52]. In E coli these receptors activate CheA phosphorylation, which is followed

by phosphotransfer to response regulators CheB and CheY. CheY induces tumbling by

interacting with the flagellar motor and changing its direction of rotation. Binding of

attractant ligands inactivates the kinase, which suppresses tumbling until adaptation
restores kinase activation and the basal tumbling level. Adaptation is mediated by
methylation/demethylation of 4 glutamate residues on the receptor cytoplasmic domain,
through the competing reactions of a methyltransferase CheR and a methylesterase CheB.

After binding of attractant, the receptor methylation level increases because the kinase-off
state is a better substrate for methylation by CheR, and because decreased phosphotransfer

from CheA to CheB inhibits demethylation by CheB. The resulting increased level of
methylation shifts the receptor back to the kinase-on state.

Chemotaxis receptors of E. coli have been extensively studied to determine the

mechanistic details of how ligand binding changes the structure and dynamics to control the

activity of the kinase CheA that is bound to the cytoplasmic tip of the receptor ~300 Å away
[37]. It is widely accepted that ligand binding causes a 2 Å downward piston motion of an

alpha helix in the periplasmic and transmembrane domains, based primarily on the effects of
engineered disulfide bonds on kinase and methylation activities, as well as a superposition of

x-ray structures of a receptor periplasmic fragment with and without ligand, and sitedirected NMR distance measurements in the periplasmic domain of the membrane-bound
intact receptor (Figure 3.1) [7,53]. However, the mechanism of signal propagation through

the cytoplasmic domain to control the kinase activity of CheA is not well understood. It has
been proposed that changes in protein dynamics of the cytoplasmic domain play a role in this

signaling, based on mutagenesis and disulfide crosslinking studies that suggest the
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methylation region is destabilized in the kinase-inhibited state, while the HAMP and signaling

regions are stabilized in this state (Figure 3.1, right) [32,33].

Figure 3.1. Overview of chemotaxis receptor array structure and dynamic changes
proposed to propagate the signal. Cartoon of core unit (top left) formed by a pair of
receptor trimer of dimers (gray rods) bridged by CheA kinase (blue) and CheW
(cyan). Cartoon of the hexagonal array (bottom left) with receptor trimers of dimers
(gray circles) at the vertices of the hexagons, connected by alternating CheA/CheW
rings and CheW-only rings. Proposed signaling mechanism (right) begins with ligand
binding to the periplasmic domain, causing a 2 Å downward piston of an alpha helix
that extends through the transmembrane domain. The piston is proposed to cause
changes in dynamics in the cytoplasmic domain to inactivate the kinase CheA bound
to the membrane-distal tip: reduced dynamics in the HAMP and protein interaction
regions (blue boxes) and increased dynamics in the methylation region (red box). All
NMR samples in this study are native-like arrays of functional complexes of CheA,
CheW, and the Asp receptor CF (cytoplasmic fragment), which begins near the
junction of the HAMP/methylation regions. Array assembly is mediated by binding to
membrane vesicles (left) or by molecular crowding agents (PEG 8000). Note that the
CF lacks the periplasmic, transmembrane, and HAMP domains of the intact receptor.
Reprinted (adapted) with permission from [49].
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EPR and hydrogen exchange mass spectrometry studies have begun to test these

proposed mobility changes. Electron paramagnetic resonance (EPR) measurements of

dynamics of spin labels incorporated at 15 positions of intact receptors in nanodiscs revealed
that methylation decreased the dynamics of the methylation region but ligand binding caused
no changes in dynamics [54]. Another EPR study of fusion proteins representing the kinase-

on and kinase-off signaling states demonstrated inverse effects on dynamics of the HAMP and

protein interaction regions: in the kinase-off state dynamics decreased in the HAMP region

and increased in the protein interaction region, relative to the kinase-on state [35]. These

studies were done on receptors in the absence of CheA and CheW. Thus far, studies of
receptor dynamics within functional complexes with CheA and CheW have been limited to

hydrogen exchange mass spectrometry, with some initial observations of differences in
exchange between samples representing the kinase-on and kinase-off signaling states [36].

Additional studies of receptor dynamics within functional complexes are needed to
investigate the role of dynamic changes in signaling.

This chapter reports a solid-state nuclear magnetic resonance (NMR) study to detect

receptor segments with mobility on the ns or faster timescale within functional complexes

[55]. Biophysical studies of signal propagation in the cytoplasmic domain require
homogeneous functional complexes of receptor, CheA, and CheW. We employ two methods

for preparing native-like arrays, which are functional complexes of the E coli Asp receptor

cytoplasmic fragment (CF) that form extended arrays with native-like architecture containing
the same 12 nm hexagonal spacing as observed for intact receptors [25]. These CF array

samples are more homogeneous than complexes of intact receptors prepared in nanodiscs

[56], vesicles [9], or native membrane vesicles [25], because the intact receptors insert as a
mixture in both directions in the membrane. CF arrays are also more amenable to NMR
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studies of the receptor [57], because of the two-fold reduction in resonances from the 60 kDa
intact receptor to the 33 kDa cytoplasmic fragment. One method for assembling CF arrays

employs templating vesicles containing Ni-chelating lipid head groups that bind the Nterminal hexa-histidine tag of CF; CheA and CheW binding to the CF restores both kinase and

methylation activities [22]. Another method employs molecular crowding agents (eg

PEG8000) to mediate assembly of complexes of CF with high kinase activity [26]. These also

form extended native-like arrays, but with a sandwich geometry: two CF layers overlap in the

middle at the normally membrane-proximal ends, and each layer binds CheA and CheW on
the exterior of the sandwich [27]. Vesicle-mediated arrays can be prepared from both CF4E

(the unmethylated CF) and CF4Q (which mimics the fully methylated CF); only CF4Q forms
PEG-mediated arrays. Both vesicle-mediated [22] and PEG-mediated [25,26] arrays can be

prepared in defined kinase-on and kinase-off signaling states for comparisons of the
structure and dynamics of each state.

Magic angle spinning (MAS) solid-state NMR is an ideal tool for investigating the

structure and dynamics of membrane proteins and supramolecular complexes. There has

been remarkable progress in solid-state NMR methodology, enabling applications ranging
from structure determination of a membrane-bound 35 kDa GPCR [58] and of the micron-

scale Type III secretion needle assembled from its 9 kDa protomer [59], to identification of

dynamic segments in complex systems and samples such as histone proteins within
nucleosome arrays [60], and both functional and disease-related amyloid fibrils [55,61,62].
The approaches for detection of dynamic segments are applicable to the CF within its

functional complexes and could reveal receptor dynamics involved in signal propagation. We
have used complementary NMR methods to detect the mobile and rigid portions of U-13C,15N

CF4Q assembled with CheA and CheW into native-like functional arrays. These spectra
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demonstrate a change in NMR-detected mobility with signaling state. We have also

constructed a truncated CF to assign the mobile segments. Comparison of refocused INEPT
(insensitive nuclei enhanced by polarization transfer) spectra of functional arrays of CF4Q

and CF4Q∆34 (lacking the C-terminal tail previously shown to be mobile) [63], demonstrate

the expected resonances of the mobile tail and detect an additional mobile segment, which is
identified by chemical shifts of distinctive residues.

3.2. Results and Discussion

3.2.1. NMR detects mobile segments of chemoreceptors in functional arrays
NMR methods for selective detection of rigid versus mobile residues reveal dynamic

segments of the chemotaxis receptor cytoplasmic fragment within its vesicle-mediated

functional complexes with CheA and CheW. Selective detection of rigid residues is achieved

with cross polarization (CP), which transfers magnetization via dipolar couplings that are
large for rigid solids but averaged to zero by isotropic motion. Selective detection of mobile
residues is achieved with refocused INEPT, which transfers magnetization via J couplings that

are independent of dynamics. INEPT transfers occur during delays that serve as a relaxation
filter: signals from rigid residues decay quickly due to large proton-proton dipolar couplings

that result in short 1H T2 values [64], so segments with mobility on the ns or shorter timescale
are detected in INEPT spectra [55]. Thus, the rigid and mobile fractions can be detected with

one-dimensional 13C CP and INEPT spectra, respectively. As shown in Figure 3.2 and Table
3.1, there is a significant mobile fraction (20-30% based on integrated intensities for the 10-

80 ppm aliphatic region) detected in spectra of unfrozen samples of both the kinase-on state

(U-13C,15N-CF4Q, blue) and kinase-off state (U-13C,15N-CF4Q.A411V, red). As anticipated for

both states, all of the receptor becomes rigid upon freezing (zero intensity INEPT, data not
shown). The correspondence between the sum of the INEPT (Figure 3.2A) and CP (Figure
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3.2B) intensities for the unfrozen sample with the CP intensity for the frozen sample (Figure
3.2C,) suggests that there are no segments with intermediate timescale motion that would
not be detected by CP or INEPT (Table 3.1).

Figure 3.2. NMR spectra of U-13C,15N-CF in vesicle arrays with CheA and CheW reveal a mobile
fraction in the kinase-on state (CF4Q, blue) and kinase-off state (CF4Q.A411V, red). 13C
spectra of unfrozen arrays (15˚C) were collected using (A) refocused INEPT to observe the
flexible segments and (B) CP to observe the rigid segments of the receptor in functional
complexes. Integrated intensities of the aliphatic region (10-80 ppm) indicate that at this
temperature, the kinase-on receptor is approximately 20% flexible and 80% rigid, while the
kinase-off receptor is approximately 30% flexible and 70% rigid. (C) 13C spectra of frozen
samples at -25 ˚C show the expected loss of flexibility: INEPT spectra have zero intensity (not
shown) and CP frozen spectra have intensity comparable to the sum of unfrozen INEPT + CP
(see Table 2). Each spectrum was recorded with 2400 scans and a recycle delay of 1 s, at 11.11
kHz MAS. Reprinted (adapted) with permission from [49].
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Table 3.1. CP vs INEPT integrated intensitiesa for U-13C,15N-CF in frozen and unfrozen
samples of kinase-on and kinase-off vesicle arrays with CheA and CheW.
Unfrozen
Unfrozen
Frozen
Frozen
CF4Q (kinase-on)

CF4Q.A411V (kinase-off)

aIntegrated

INEPT
0.19

CP

INEPT

CP

0.68

0

0.97

0.79

0.27

intensities from 10 to 80 ppm.

0

1

The extent of mobility is surprising, as the receptor is thought to be largely alpha

helical with a mobile tail corresponding to only ~10% of the CF [63]. Furthermore, the
mobility may be relevant to the signaling mechanism, since there is a mobility shift between

the signaling states. The kinase-off state has a ~ 10% increase in the INEPT intensity and a

corresponding ~ 10% decrease in the CP intensity relative to the kinase-on state. Since

changes in dynamics of regions of the CF have been proposed to play a role in signaling

[32,33], we pursued the identity of the mobile segments through a combination of
biochemical and NMR approaches.

3.2.2. INEPT spectra identify a mobile segment in the methylation region
Sensitivity can be a challenge for two-dimensional NMR of CF in these native-like

complexes, because CF is only 45% of the mass of the protein plus lipid components of the
vesicle samples, resulting in only ~80 nmol of labeled CF in the NMR rotor. NMR sensitivity
was improved for vesicle-mediated array samples using paramagnetic relaxation
enhancement [65]. The Ni2+ bound to the DOGS lipid decreases the proton T1 to 129 ms

(compared to 525 ms for PEG-mediated arrays), making it possible to use rapid recycling (0.3

s recycle delay). Furthermore, we observed greater INEPT intensities at higher MAS speeds

(~1.4-fold greater intensities in 1D HC INEPT spectra collected with 40 kHz MAS relative to
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11 kHz MAS), most likely due to a longer proton T2 due to MAS averaging of proton dipolar
couplings. Under these conditions, two-dimensional 1H-13C INEPT spectra containing 64

slices of 1200 scans each are collected in a total experiment time of 7 hours.

Based on the known mobility [63] of a 34-residue C-terminal tail that serves to tether the

methyltransferase and methylesterase enzymes [10,66], we expected INEPT spectra to
contain residues from this tail. Figure 3.3A shows the 1H-13C INEPT spectrum of U-13C,15N-

CF4Q assembled into vesicle-mediated native-like arrays with CheA and CheW. Using average

protein chemical shift values (black dots) tabulated in the Biological Magnetic Resonance
Data Bank (BMRB), resonances were identified for all of the tail residues except Trp (gray).

It is unclear why the Trp resonances are observed in 1H-15N INEPT spectra (Figure 3.4) but

are absent in the 1H-13C INEPT spectra. Several resonances are also observed for residues not
found in the tail, specifically for Tyr, His, Gly, and Met (cyan arrows). This suggests that CF in
functional complexes contains additional mobile region(s).

To determine what other CF region(s) are mobile, we constructed a plasmid encoding

CF without the 34-amino acid C terminus, CF4Q∆34. Such a tail-truncated receptor has been

previously shown to be functional in kinase assays in studies that demonstrated the role of
this tail is to dock the methylation enzymes [66]. Figure 3.3B shows the 1H-13C-INEPT

spectrum of the tail-deleted CF, U-13C,15N- CF4QΔ34, incorporated into functional vesicle-

mediated arrays with CheA and CheW. This spectrum (normalized to the same amount of CF)

has reduced intensity for all peaks except for those residues not present in the tail (cyan
arrows in Fig 3.3). The absence of Phe Cε,γ,Z and Pro Cδ peaks in the spectrum of the tail-

deleted sample is consistent with removal of the tail, and indicates that these residues are not
present in the receptor mobile region.
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Figure 3.3. 1H-13C INEPT of U-13C,15N-CF4Q and U-13C,15N-CF4Q∆34 in vesicle-mediated arrays
with CheA and CheW. (A) CF4Q spectrum is compared to predicted resonance positions
(black dots) for the C-terminal tail (red box), using average chemical shifts from the BMRB
since this tail region is known to be mobile. Resonances are observed for all tail residues
except Trp (gray). Several additional resonances are also observed (cyan arrows indicate
aromatic His and Tyr, Gly Cα, His Cβand Met Cε) suggesting CF contains additional mobile
region(s). (B) CF4Q∆34 spectrum is compared to predicted resonance positions (BMRB
chemical shifts) for the most likely ~50-residue mobile region (red box), corresponding to
the sequence range indicated. Structural models are based on the 1qu7 crystal structure of a
cytoplasmic fragment of the Ser receptor in the absence of CheA and CheW [17]. The portion
of the CF4Q extending beyond the end of the 1qu7 crystal structure is shown as a solid line
(methylation region) and dotted line (HAMP region). Spectra are shown at comparable
contour levels, demonstrating more intensity in the top spectrum for most of the peaks. The
spectra were collected with 40 kHz MAS, ~10 ˚C sample temperature, and a 0.3 second recycle
delay (64 slices of 1200 scans/slice for a total experiment time of 7 hrs), on samples
containing approximately 80 nmol CF (plus vesicles, CheA, and CheW). Reprinted (adapted)

with permission from [49].
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To identify the residues types observed in the CF4Q∆34 1H-13C INEPT spectrum, we

used BMRB-tabulated chemical shift values. A number of resonances are uniquely identified
in this spectrum for Ala Cβ, Arg Cδ, Asp Cβ, Glu Cγ, Gly Cα, His Cβ,δ,ε1 Ile Cβ,δ, Leu Cβ, Lys Cε, Met Cε,

Ser Cβ, Thr Cβ, Tyr Cδ,ε and thus these residues are present in the mobile region(s) of CF4Q∆34.

The presence of Tyr resonances (green in Figure 3.3B) is notable, as a single Tyr residue is

found in the CF4QΔ34 sequence. If we assume that the INEPT spectrum comes from a single
mobile region, the observed resonances suggest this is a region near the N terminus (red box
in Figure 3.3B), that includes His (blue), Tyr (green), Met (brown) and Lys (orange). This
mobile segment includes three of the four methylation sites (black spheres/underlined

residues) in the receptor. Note that the N-terminal His-tag is anchored to the vesicle surface

in these functional arrays, so mobility of this region is not simply a result of being near the
truncated N-terminus of the protein.

Additional insights into the identity of the mobile region can be deduced from peak

volume estimates tabulated in Table 3.2 Intensities were referenced to the Tyr Cδ peak
intensity because there is a single Tyr in the CF. The Tyr Cε peak was judged to be less reliable,
due to overlap with the nearby His Cδ2 peak. All peak volumes were first corrected for the

small differences in nmol of CF in the samples, and then divided by half of the Tyr Cδ volume,

to yield a Tyr peak volume of two, corresponding to two Cδ on the single Tyr residue in the
CF. For clarity, the peak volumes were then divided by the number of unresolved correlations
per residue (5 for Phe, 2 for Tyr Cδ, and 1 for everything else), so that the normalized volumes

listed in Table 3.2 would correspond to the number of residues contributing to the peak. The
volume for total Cα was calculated as the volume of the peaks above the horizontal brackets
on the spectra (Figure 3.3) minus the volumes of the Ser Cβ and Pro Cδ peaks.
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Table 3.2. Peak volumes in 1H-13C and 1H-15N INEPT spectra of 13C15NCF4Q and
13C15NCF4Q∆34 assembled with CheA and CheW into functional native-like arrays on
vesicles.a
Residue
/s

Total Cα
(no Gly)
Arg Nε
Asn Cβ +
Tyr Cβ
Glu Cγ
Gly Cα
Gly N
His Cβ
His Cε1
Ile Cβ
Ile Cδ1
Leu Cβ
Met Cβ
Phe
Pro Cδ
Thr Cβ
Trp Nε
Tyr Cδ
aBlue

ω1/1H

ω2/13C
or 15N

7.29

84.91

2.24

36.34

2.62
3.95

39.06
45.39

8.25,
8.19
3.09

108.67,
107.43
29.69

0.79

13.02

7.83
1.78
1.61
2.03

138.44
38.67
42.16
17.07

7.21

131.81

10.03
7.10

129.13
133.41

3.68
4.19

50.68
69.79

CF4Q
volumeb

CF4Q∆34
volumeb

Mobile
region
residues

82.8

47.6

48

4.1

2.4

1 Asn,
1 Tyr

5.7

2.8

7.1

3.7

2.8

2.8

2.5

2.2

0.9

0.7

0.9

0.8

3.2

1.9

3.3

2.0

4.3

2.5

1.5

1.5

1.1

0

1.3

0

8.4

5.4

1.0

0

1.1

1.0

3
5
3
3
1
1
2
2
3
1
0
0
6
0
1

CF4Q –
CF4Q∆3
4 = ∆34
volume
35.2

∆34
residue
s

1.7

2 Asn

0.0

0

2.9
3.4
0.3
0.2
0.1
1.3
1.3
1.7
0.0
1.1
1.3
3.0
1.0
0.1

34
3
3
0
0
0
1
1
2
0
1
7
3
1
0

highlighted columns compare peak volumes to residues of the most probable 50residue mobile region; red highlighted columns compare difference volumes to residues of
the deleted 34-residue tail.
bAll peak volumes are corrected for differences in nmol of CF in the sample. HC peak
volumes are then calibrated based on Tyr Cδ = 2 in the CF4Q∆34 vesicle sample, and then
normalized to the number of unresolved correlations contributing to the peak (5 for Phe
and 2 for Tyr Cδ) so that the reported volume should correspond to the number of residues.
HN peak volumes are calibrated based on Trp Nε = 1 in the CF4Q vesicle sample.
The difference between the normalized volumes of the CF4Q and CF4Q∆34 samples

should correspond to the resonances of the ∆34 tail only. Table 3.2 shows fairly good
37

agreement for ∆34 (compare red columns for observed difference volumes with expected
number of residues). The total Cα difference intensity of 35.2 is close to its predicted value of

34, and eleven individual 1H-13C INEPT peaks have difference intensities remarkably close to

their predicted values when referenced to the volume of the Tyr Cδ peak. Only the Pro Cδ
difference volume is much smaller (1.3) than predicted (7). Although we cannot explain the

unexpectedly small Pro peak or the absence of the Trp peaks, the agreement for the rest of
the peaks suggests that INEPT transfer efficiencies are similar for these residues, and that the

normalized volumes of the INEPT spectra can provide a qualitative estimate of the number
of residues in mobile regions. Since these are computed as differences between two samples,

the agreement also suggests that our samples are consistent with each other, which is further
corroborated by a similar subtraction performed with spectra of PEG-mediated arrays of
CF4Q and CF4Q∆34 (see below and Table 3.3).

The agreement between the subtraction of the integrated intensities and the

predicted intensities of the ∆34 residues validates the use of the INEPT integrals for

CF4Q∆34 to gain further insight into the identity of the mobile region(s). The blue columns
in Table 3.2 compare observed peak volumes for CF4Q∆34 to expected number of residues
in the likely ~50-residue mobile region extending from His267 to Gln316, as shown in
Figure 3.3B. The Cα intensity of 50.4 (47.6 total Cα plus 2.8 Gly Cα) is in reasonable

agreement with the number of residues, as are all of the other 1H-13C INEPT peak intensities.
The Lys peaks are not sufficiently resolved for accurate peak volume measurements (the
overlap with Arg and Asp peaks is visible at a lower contour level for Lys Cε), but

comparison of 1D slices for the Lys Cε peak of CF4Q and CF4Q∆34 indicate that the mobile
region contains at least one Lys.
1H-15N

INEPT spectra (Figure 3.4) of the U-13C,15N-CF4Q and CF4QΔ34 vesicle-

mediated array samples provide further evidence for a mobile region, and support the
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conclusions from the 1H-13C INEPT spectra shown in Figure 3.3. These spectra, labeled with

the amino acid type assignments based on average protein shifts tabulated in the BMRB,
display the resonance of the single Trp NH located near the C-terminus of CF4Q (Figure 3.4A,

red), which is absent in the CF4QΔ34 spectrum (Figure 3.4B). Other amino acids observed in

the spectrum of CF4Q (Figure 3.4A) are also present in the mobile C-terminal tail, with the
exception of glycine (cyan arrow). As in the 1H-13C INEPT spectra, the observed Gly
resonances provide evidence that segments besides the C-terminal tail are mobile. This is

confirmed by the 1H-15N INEPT spectrum of U-13C,15N- CF4QΔ34 arrays (Figure 3.4B), which

detects a mobile region that contains G, N/Q, R, and S/T.

Figure 3.4. 1H-15N INEPT spectra of U-13C,15N-CF4Q and U-13C,15N-CF4QΔ34 in vesiclemediated functional arrays with CheA and CheW. Resonances are assigned to amino acid
types based on average protein chemical shifts reported in the BMRB. (A) Spectra of CF4Q
contain resonances expected for the flexible C-terminal tail, but also contain resonances for
Gly, which is not present in the tail (cyan arrow). (B) Spectra of the tail-deleted CF4Q∆34 are
consistent with removal of the tail (no Trp resonance), but indicate that another region of CF
has high mobility. Same NMR conditions as Figure 3.3. Reprinted (adapted) with permission

from [49].
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Peak volume measurements are listed in Table 3.2 only for the well-resolved peaks of the

1H-15N

INEPT spectra: Gly N, Arg Nε, and Trp Nε. Intensities were referenced to that of the Trp

Nε because there is a single Trp in the CF. After correction for the small differences in nmol of

CF in the samples, all HN peak volumes were divided by the peak volume of the single Trp Nε,

so that all volumes correspond to the number of residues. The results are consistent with the
expected volumes for the deleted 34-residue tail (red columns in Table 3.2). Again, this

empirical correlation between the difference peak volumes and the numbers of deleted

residues suggests that the transfer efficiencies for Gly N, Arg Nε, and Trp Nε are similar enough
that their peak volumes can provide a qualitative estimate of the numbers of these residues
in the mobile region. The volumes in the CF4Q∆34 spectrum suggest that the INEPT-

detectable mobile segment contains 3 Arg (volume = 2.8) and 3 Gly (volume = 2.5), as

expected for the assigned mobile segment of the methylation region (blue columns in Table
3.2).

Thus, INEPT spectra demonstrate an asymmetric mobility property in the

methylation region of the CF: the MH1 (methylation helix 1 near the N terminus of the CF) is

mobile on the ns timescale but the MH2 (methylation helix 2 near the C terminus) is not.

Residues His267 to Gln316 experience mobility on the ns or shorter timescale (red block in
Figure 3.5, top). This mobile segment spans the entire length of the methylation region: it

begins immediately following the second HAMP domain helix (~247-264, dashed line in
Figure 3.5B and Figure 3.5) and includes all three methylation sites (295, 302, 309, black

circles in Figure 3.5). Of course, it is also possible that multiple mobile segments contribute

to the INEPT spectrum of CF4Q∆34. As illustrated in Figure 3.5, we considered the simplest
possibility, that mobility is found in a pair of ~25 amino acid mobile segments from opposite

ends of the CF that are adjacent in the elongated helical structure, for instance segments of
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both the methylation N and C helices (red block in Figure 3.5, bottom). However, there are no
such pairs of shorter segments adjacent in the structure that contain all of the rare amino
acids (H,Y,M,K) identified in the INEPT spectrum.

Figure 3.5. INEPT spectra indicate high mobility of the MH1 in the CF in functional arrays.
Black dots represent the methylation sites and dashed lines represent a portion of the
HAMP region contained in the CF used in this study. Top: sliding a 50-residue window from
N- to C-terminus of the CF sequence identifies the most probable mobile segment (red
block, H267-Q316), corresponding to the N-helix side of the methylation region. No other
contiguous 50-residue segment contains all of the amino acid residues observed in the
INEPT spectra. Bottom: sliding a pair of 25-residue windows sequences adjacent in the
structure along the length of the helix hairpin (within outlined red boxes) does not identify
any positions at which the pair contain all of the amino acid residues observed in the INEPT
spectra. Reprinted (adapted) with permission from [49].
3.2.3. Mobile MH1 is a property of functional arrays

Similar 1H-13C INEPT and 1H-15N INEPT spectra are observed for U-13C,15N-CF in

functional arrays with CheA and CheW, whether the arrays are assembled via His-tag binding

to vesicles (vesicle-mediated arrays: Figures 3.3-3.4 and Table 3.2) or via molecular crowding
(PEG-mediated arrays: Figure 3.6, Figure 3.7, and Table 3.3). The differences in peak volumes

in spectra of PEG-mediated arrays between 13C,15N-CF4Q and 13C,15N-CF4Q∆34 are close to

those observed for vesicle-mediated arrays (compare Table 3.2 and Table 3.3, red columns),
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and again are qualitatively consistent with the deleted 34-residue tail. This again

demonstrates the reproducibility of NMR spectra for different samples.
The spectra and peak volumes of

13C,15N-CF4Q∆34

also reveal a mobile segment in

the methylation region of PEG-mediated arrays (Figure 3.6). Other than the appearance of
PEG resonances, disappearance of the lipid resonance, and greater intensity of His

resonances, the 1H-13C INEPT spectra of PEG-mediated arrays (Figure 3.6) are very similar to
the spectra of vesicle arrays (Figure 3.3). This is further illustrated in Figure 3.8, by an

expansion of the aromatic region of the 1H-13C INEPT spectra for PEG and vesicle samples,

which shows the equivalence of the Phe and Tyr resonances (Figure 3.8A), as well as the

increased size of the HisCε1 resonance in 1D slices (Figure 3.8B). The 1H-15N INEPT spectra

are also quite similar for PEG arrays (Figure 3.7) and vesicle arrays (Figure 3.4). Comparison
of Table 3.3 (peak volumes for PEG array spectra) with Table 3.2 (peak volumes for vesicle
array spectra) shows only small differences (≤ 1), except that the two histidine peak volumes

increase by 4-5. The increased His intensity most likely comes from the N-terminal His-tag,

which is the only region with more than 2 His residues close together. We conclude that

without its anchor to the vesicles, the His-tag has some mobility in the PEG-mediated arrays,

leading to an increased His intensity in the 1H-13C INEPT spectra of PEG arrays. Comparison

of the INEPT spectra and peak volumes for PEG and vesicle-mediated CF arrays demonstrate

that both contain a similar INEPT-detectable mobile region, suggesting that mobility of MH1
is an intrinsic property of functional CF complexes.
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Figure 3.6. 1H-13C INEPT spectra of (A) U-13C,15N-CF4Q and (B) U-13C,15N-CF4Q∆34 in PEGmediated functional arrays with Che A and CheW. Spectra are all shown at comparable
contour levels. (A) CF4Q spectrum has more intensity for most of the peaks except for
residues which are not found in the tail (cyan arrows, His, Tyr, Gly, and Met). The spectra
were recorded at 600 MHz 1H frequency, 11.11 kHz MAS rate, 1 second recycle delay and
283 K sample temperature using 2D refocused INEPT pulse with total time of 22 hrs, on
samples containing approximately 120 nmol CF. Reprinted (adapted) with permission from
[49].
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Figure 3.7. 1H-15N INEPT spectra of (A) U-13C,15N-CF4Q and (B) U-13C,15N-CF4Q∆34 in PEGmediated functional arrays with Che A and CheW. Assigned residue types are based on
average chemical shifts tabulated in the BMRB. (A) CF4Q spectra contain the expected
resonances for the mobile of C-terminal tail but also contain resonances for Gly which is not
in the tail. (B) CF4Q∆34 spectra demonstrate there is another mobile region besides the tail.
Each spectrum was recorded with acquisition times of 20ms in the 1H and 15N dimensions,
and the total time of 22 hrs. The spectra were recorded at 600 MHz 1H frequency, 11.11 kHz
MAS rate, and 283K using 2D refocused INEPT pulse (Approximately 120 nmol CF).
Reprinted (adapted) with permission from [49].

The asymmetric mobility identified by INEPT in the methylation region is consistent

with results of EPR studies of intact receptors in nanodiscs and hydrogen exchange mass

spectrometry (HDX-MS) studies of vesicle-mediated CF arrays with CheA and CheW. EPR

measurements of site-directed spin label mobility have demonstrated that the mobility
parameters of MH1 are higher than those MH2, and the MH1 mobility parameters are

comparable to those of the unstructured mobile tail [34]. Similar results have been reported
for an HDX-MS study of vesicle-mediated CF arrays of functional complexes with CheA and

CheW (comparable to the vesicle samples in our NMR study): both MH1 and the tail showed

complete hydrogen exchange within 3 min, but MH2 exchanged more slowly [36]. Although
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neither system is fully native, CF arrays lack half of the receptor and intact receptors in

nanodiscs lack CheA and CheW, observation of the asymmetric mobility of the methylation

region in both systems suggests that it is an intrinsic property of the receptor. Thus a highly
mobile MH1 has been observed by three methods (HDX-MS, EPR, NMR) on multiple sample

types (including intact receptors in nanodiscs, vesicle-mediated CF arrays, and PEG-mediated

CF arrays), so we can conclude that this mobility is a property of the functional receptor.

Figure 3.8. Comparison of 1H-13C INEPT spectra of U-13C,15N-CF4Q in PEG-mediated (blue)
and vesicle-mediated (red) functional arrays with CheA and CheW. Spectra are scaled to
correct for the difference in the nmol of CF in each sample and are each scaled to a peak
volume of 1 for the single Tyr Cε resonance. (A) Expansion of the aromatic region of the
spectrum illustrates the similarity of the Phe resonances for both arrays, and the greater
intensity of the His Cε1 resonance for the PEG array. (B) Comparison of one-dimensional
slices for His Cε1 shows 4-fold larger peak intensity in the PEG array, which is consistent
with limited mobility of the His-tag region. The spectra were collected with 11.11 kHz MAS,
~ 10 ˚C sample temperature, and a 1 second recycle delay (64 slices of 1200 scans/slice for
a total experiment time of 22 hrs), on samples containing approximately 120 nmol CF (plus
PEG, CheA, and CheW). Reprinted (adapted) with permission from [49].
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Table 3.3. Peak volumes in 2D 1H-13C INEPT of 13C15NCF4Q and 13C15NCF4Q∆34 assembled
with CheA and CheW into functional native-like arrays with PEG crowding agent.
Residue/s

ω1/1H

ω2/13C

CF4Q volume

CF4Q∆34

Mobile

CF4Q –

∆34

volume

region

CF4Q∆34

residues

residues

= ∆34
volume

Total Cα

86.1

53.9

51

32.2

34

Arg Nε

7.29

84.91

6.3

3.1

3

3.2

3

Asn Cβ +

2.62

39.06

3.9

2

1 Tyr, 1

1.9

2 Asn

Tyr Cβ

Asn

Glu Cγ

2.24

36.34

8.1

4.3

5

3.7

3

Gly Cα

3.95

45.39

2.5

2.8

3

-0.3

0

Gly N

8.55,

110.40,

3.5

3.5

3

0

0

8.33

107.81

His Cβ

3.09

29.69

5.6

5.4

1

0.2

0

His Cε1

7.83

138.44

4.8

4.6

1

0.2

0

Ile Cβ

1.78

38.67

3

1.7

2

1.3

1

Ile Cδ1

0.79

13.02

3.7

3.0

2

0.7

1

Leu Cβ

1.61

42.16

3.6

1.7

3

1.9

2

Met Cβ

2.03

17.07

1.6

2.2

1

-0.6

0

Phe*

7.21

131.81

1.3

0

0

1.3

1

Pro Cδ

3.68

50.68

1.6

0

0

1.6

7

Trp Nε

10.03

129.13

1.0

0

0

1.0

1.0

Thr Cβ

4.19

69.79

8.2

4.5

6

3.7

3

Tyr Cδ*

7.10

133.41

1.2

1.0

1

0.2

0

*HC peak volumes are calibrated based on Tyr Cδ = 2 in the CF4Q∆34 PEG sample. HN peak
volumes are calibrated based on Trp Nε = 1 in the CF4Q PEG sample.
3.2.4. MH1 undergoes signaling-related mobility changes
Neither the EPR nor the HDX-MS study observed a signaling-related change in the

MH1 mobility. There was no effect of ligand on the EPR mobility parameters [54], perhaps
due to the absence of CheA and CheW which can reduce coupling between the periplasmic

and cytoplasmic domains (eg, the methylation state alters receptor ligand affinity only for
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receptors in complexes with CheA and CheW) [67]. The fast exchange observed in the HDX-

MS study (complete exchange at the first time point) makes it impossible to measure the
exchange rate and detect differences between the kinase-on and kinase-off states [36]. Thus

INEPT detection of this mobile segment within functional complexes with CheA and CheW
makes it possible to investigate whether mobility changes with signaling state.

To prepare CF4Q arrays in the kinase-off state, we introduced the A411V mutation,

previously shown to lock the intact receptor into a kinase-off state [38]. As expected,
CF4Q.A411V in vesicle and PEG arrays with CheA and CheW does not activate the kinase
(Figure 3.9A). Because chemoreceptors have inverse kinase and methylation activities, a

good mimic of the kinase-off state should have high methylation activity. Thus methylation

assays can be used to distinguish whether A411V is a kinase-off mutant or an inactive protein.

Since CF4Q cannot be methylated, methylation assays were performed on CF4E proteins,

which contain the methylatable Glu residue at all 4 methylation sites. CF4E can be assembled
on vesicles under conditions that promote the kinase-on or kinase-off state [24]. The

CF4E.A411V mutant protein showed low kinase activity (Figure 3.9A) and high methylation
activity (Figure 3.9B) when assembled under conditions that promote the kinase-on state,
indicating that CF4E.A411V is locked in the kinase-off state of the receptor. This validates

CF4Q.A411V as a kinase-off state.
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Figure 3.9. Kinase and methylation activity for vesicle and PEG assembled complexes. (A)
Vesicle-assembled complex (black bars) and PEG-assembled complex (gray bars) indicate
A411V is kinase-off (note that CF4E does not assemble in PEG). (B) The kinase-on CF4E shows
no methylation (left); CF4E.A411V under the same assembly conditions shows ~50%
methylation, which is comparable to CF4E assembled in the kinase-off state (not shown).
Thus A411V locks the receptor into the kinase-off, methylation-on state. Reprinted (adapted)

with permission from [49].

An overlay of the 1H-13C INEPT spectra of the kinase-on (blue, CF4Q) and kinase-off

(red, CF4Q.A411V) signaling states (Figure 3.10), shows similar resonances for both states,

which suggests the C-terminal tail and MH1 are dynamic in both states. The kinase-off
spectrum shows increased intensities (an average of 1.4 ± 0.2-fold, Table 3.4) for resonances

corresponding to the mobile MH1, but comparable intensities for resonances corresponding
to the tail (Phe and Pro resonances in 1H-13C INEPT and Trp resonance in 1H-15N INEPT). Thus

we conclude that the C-terminal tail has similar mobility in both states and the MH1 has

increased ns timescale dynamics in the kinase-off state, leading to increased INEPT intensity.
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Figure 3.10. 1H-13C INEPT of the kinase-on (blue, CF4Q) and kinase-off (red, CF4Q.A411V)
states of the uniformly 13C, 15N-labeled CF incorporated into vesicle-mediated functional
complexes with CheA and CheW. Spectra are corrected for the difference in nmol of CF. The
same resonances are observed for both signaling states, but the kinase-off state exhibits
greater intensity for all peaks except peaks corresponding only to the C-terminal tail (Phe and
Pro). Inset shows overlay of the 1D projection of each spectrum. Same NMR conditions as
Figure 3.3. Reprinted (adapted) with permission from [49].
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Table 3.4. Comparison of INEPT peak volumes of kinase-on (CF4Q) and kinase-off
(CF4QA411V) vesicle-assembled samples.
Residue/s

CF4Q volume

CF4Q.A411V

Intensity ratio

volume

(Kinaseon/kinase-off)

Total Cα
Arg Nε
Asn Cβ +
Tyr Cβ
Glu Cγ
Gly Cα
Gly N
His Cβ
His Cε1
Ile Cβ
Ile Cδ1
Leu Cβ
Met Cβ
*Phe
*Pro Cδ
*Trp Nε
Thr Cβ
Tyr Cδ

82.8

109.3

1.3

4.1

4.8

1.2

5.7

7.4

1.3

7.1

13.0

1.8

2.5

3.5

1.3

2.7

4.6

0.9

1.4

1.5

1.9

3.2

4.6

3.3

4.7

4.3

6.1

1.5

2.5

1.1

1.1

1.3

1.3

1.0

1.0

8.4

11.5

1.1

1.3

Average (excluding tail-only residues*):

1.7
1.5
1.3
1.4
1.4
1.4
1.7
1.0
1.0
1.0
1.4
1.1

1.4 ± 0.2

3.3. Conclusions
INEPT NMR experiments on native-like bacterial chemoreceptor arrays reveal a

remarkably dynamic segment of the receptor that undergoes changes in dynamics during
signaling. Methylation helix 1 (MH1), which connects the HAMP region to the protein

interaction domain, exhibits dynamics on the ns or shorter timescale, comparable to the

dynamics of the unstructured C-terminal tail of the receptor. These results are consistent
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with previous HDX-MS [36] and EPR [34] results, and suggest that this segment of the

receptor may not be helical and may not pack against the proximal MH2. This should be
considered in the construction of structural models for the array, which thus far have
represented this region as helical.

Furthermore, this study of functional complexes of CF4Q with CheA and CheW is in

agreement with current proposed models (see Figure 3.1) for the role of dynamics in

propagating the signal that controls the activity of CheA bound at the membrane-distal
cytoplasmic tip of the receptor. It has been proposed that methylation region dynamics

increase in the kinase-off state [32,33]. INEPT spectra support this idea for the MH1 (which

may not be helical). However, the less mobile MH2 is not detected by INEPT (so its mobility
is limited to the µs or longer timescale), and thus INEPT experiments cannot conclude
whether its dynamics increase. It has also been proposed that the dynamics of the protein
interaction region increase in the kinase-on state [33]. INEPT spectra demonstrate that any

dynamics in the protein interaction region occur on the µs or longer timescale, and that this
region is less dynamic than the methylation region in both kinase-on and kinase-off states.

Finally, we propose that the remarkably mobile MH1 is a key element controlling

signal propagation through the methylation region. This segment is likely to have more

influence on signaling than MH2: its conformational equilibrium is determined by the helix
stutter in its connection to the HAMP region, and by the methylation of its 3 sites (compared

to 1 site in the MH2). Increased fluctuations in this mobile segment in the receptor kinase-off
state may destabilize important contacts with CheA to inhibit the kinase activity.

This study demonstrates the utility of mobility-filtered solid-state NMR experiments

on native-like assemblies to detect functionally important dynamics. Such approaches are key
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to understanding the role of dynamics in signaling and in other critical processes that are
mediated in cells by large multi-protein complexes.
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CHAPTER 4
CARBON-NITROGEN REDOR TO IDENTIFY MS-TIMESCALE MOBILITY IN PROTEINS
4.1. Introduction
Nuclear magnetic resonance provides a variety of powerful tools to measure

structure and dynamics in proteins and protein complexes and gain essential insights into

their mechanisms. However, making clear connections between dynamics and mechanism

remains extremely challenging [68]. Solid-state NMR (SSNMR) experiments provide access
to the full frequency range of internal molecular motions within proteins and protein

complexes, including challenging systems such as fibrillar and membrane proteins [69].

Many recent SSNMR studies have employed INEPT-based methods to detect regions with

ns-timescale mobility [70][61][55][60][71][64][49]. For example, Jaroniec and coworkers

measured 2D 1H-13C and 1H-15N INEPT spectra of recombinant nucleosome arrays under

physiologically relevant conditions comparable to chromatin in cells. These spectra reveal

that the histone proteins H3 and H4 have highly flexible, intrinsically disordered N-terminal

domains, which may be important for regulation [60]. Also, Siemer and coworkers

investigated full length Orb2 in functional amyloids and demonstrated that the part of the

protein responsible for the aggregation, which has effects on long-term memory formation,
is highly flexible [61]. Because mobility changes are thought to be important to propagate

signals in bacterial chemotaxis receptors [35][54][32][33], we recently applied this

approach to functional complexes of the E coli aspartate receptor cytoplasmic fragment (CF)

assembled into native-like, membrane-bound arrays with its partner proteins, a histidine
kinase CheA and a coupling protein CheW. This study revealed that a key part of this
receptor has ns-timescale dynamics that change with signaling state, with important
implications for possible signaling mechanisms [49].
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The studies described above all detect rigid and flexible segments of the proteins

using CP and INEPT experiments, respectively. INEPT (Insensitive Nuclei Enhanced by

Polarization Transfer) transfers magnetization from protons to 13C or 15N via J couplings

(≈120 & 90 Hz respectively, for the protein backbone), which requires long delays (total of

4*1/(4J) ≈ 8-11 ms) in the pulse sequence. Magnetization from rigid parts of the protein will
decay during these delays, leaving signals in the INEPT spectrum only from regions with ns
timescale motion that gives long T2 relaxation times. In contrast, CP-based methods detect

regions that are rigid on the ns timescale. CP (cross polarization) transfers magnetization

from protons to 13C or 15N via dipolar couplings, and such transfer will not occur if mobility
averages the dipolar couplings to zero. In particular, motion must not have a high enough

amplitude and rate for significant motional averaging of DCH (≈ 23 kHz) and DNH (≈ 12 kHz).

Since slow motions on the microsecond-millisecond timescale are biologically important
[72], it would be valuable to further edit the CP spectrum based on mobility at such

timescales (figure 4.1). This would provide a way to identify such mobility and to enable

spectral editing to simplify spectra and focus on particular regions. For instance, a method
that selectively detects regions with motion that averages DCN (≈ 1 kHz) would detect

backbone segments with ms-timescale mobility that is often important in domain motion

and global folding. This would also enable selective detection of resonances that are missing
in NCα and NCO spectra due to motional averaging of DCN.
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Figure 4.1. Different dynamics timescale monitor by specific NMR experiment. INEPT pulse
program shows ns-timescale dynamics, while rigid (us, ms and s timescale) parts are
observable by CP experiment. To detect the slower motions separately the new experiment
needed.
Rotational-Echo Double-Resonance (REDOR) is a robust method to measure the

dipolar coupling between heteronuclear spins (Figure 4.2), which has been widely used for
precise distance measurements in structural studies of proteins [73][74][75]. REDOR has

also been used as a filter, for instance to remove natural abundance 13C contributions and

selectively observe spectra of 13C-15N pairs within a protein [76]. Polenova and coworkers
have developed REDOR filters for selective detection of residues at protein-protein

interfaces in complexes with differential labeling of the binding partners [77][78][79]. In

one case, 15N{13C} REDOR dephasing completely removes 15N signals from the U-13C,15N-

protein, leaving 15N magnetization in the 15N-partner protein, which is then transferred
across the protein-protein interface to

13C

for selective detection of intermolecular 15N-13C

correlations[77]. An alternative approach is to use double REDOR (dREDOR) to fully
dephase proton signals from the U-13C,15N-protein, leaving 1H magnetization in the

unlabeled protein, which is then transferred by cross polarization across the protein-

protein interface for selective detection of 15N or 13C at the interface [78][79].
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Figure 4.2. REDOR dephasing depends on both structure and dynamics. 13C{15N} REDOR
data for U-13C,15N-Gly Cα (rigid) show good agreement with the solid REDOR curve predicted
for the 1.46 Å Cα to N distance (DCN= 950 Hz). Dashed curve is predicted for a protein
backbone Cα (same distance) if 60% of the sample is rigid and 40% has ms or faster
timescale dynamics that averages the carbon-nitrogen dipolar coupling to zero. Spectra
were recorded at 283K with 11.11 kHz MAS, and 2,4,6,…62 rotor cycles of dephasing.
Motion on a timescale shorter than the reciprocal of the dipolar interaction averages

dipolar coupling and affects REDOR dephasing curves [80]. For example, in a REDOR study

of an inclusion complex of calixarene (host) with p-F-Phe (guest), fitting the REDOR data
required consideration of both the internuclear distances and motional averaging of the
dipolar couplings [74]. Furthermore, the REDOR-filtered interface detection approaches

described above include control experiments that measure signals from mobile residues
that are not dephased by the REDOR filters [78][79].

REDOR experiments can also be designed to probe dynamics rather than structure.

For example, 13C{15N} REDOR on directly bonded 13C15N spin pairs (DCN ~ 1 kHz) are

sensitive to ms-timescale dynamics. This is the basis for a study by Polenova and coworkers
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who demonstrated that a specific Tyr residue in the hinge region of an HIV capsid protein is
missing from both REDOR ∆S spectra and NCα spectra, due to dynamics on the millisecond
or faster timescale [81]. Because of our interest in the role of dynamics in signal

propagation in bacterial chemotaxis receptors, we have designed a REDOR approach to
probe ms-timescale dynamics throughout the protein backbone.

Here we report measurements of 13C{15N} REDOR dephasing on a U-13C,15N protein

to estimate the fraction of the protein with ms-timescale dynamics. We have applied this
method to gain insight into backbone dynamics throughout the aspartate chemotaxis

receptor cytoplasmic domain. We detect a surprisingly large mobile fraction of the receptor
backbone (30-40%) in functional, native-like membrane-bound complexes of the

chemotaxis receptor cytoplasmic fragment (U-13C,15N-CF) with its partner proteins CheA

and CheW. To selectively observe this mobile fraction, we have implemented a REDOR-

filtered DARR experiment, which we demonstrate on the tripeptide MLF and then apply to
the CF complexes to deduce the likely region with this mobility.
4.2. Results and Discussion:

4.2.1 13C{15N} REDOR reveals extent of ms-timescale backbone dynamics within
functional protein complexes
Figure 4.2 illustrates how 13C{15N} REDOR can be used to detect the presence of ms-

timescale mobility in a protein backbone. REDOR data for U-13C,15N-Gly fits well with the

calculated REDOR dephasing curve (solid line) for the known 1.46 Å Cα to N distance. This is

the rigid limit curve, which assumes no motional averaging of the 950 Hz dipolar coupling.
Any motion on the ms or faster timescale will average the dipolar coupling. For a sample

containing multiple CαN pairs with a range of dynamics, the REDOR curve will correspond to

the average of the behavior across all spin pairs. For example, the dashed line in Figure 4.2
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corresponds to a hypothetical case in which 60% of the CαN pairs are rigid and 40% have
sufficient mobility to average the dipolar coupling to zero. Since all carbons in a protein
backbone are directly bonded to nitrogen, measurement of 13C{15N} REDOR dephasing

curves for backbone carbons in a U-13C,15N-protein would reveal whether such dynamics

are present in a significant fraction of the protein. If such dynamics are detected, then

inserting a REDOR filter into an NMR experiment would dephase magnetization from rigid
portions of the backbone and allow for selective detection of backbone regions with
mobility that averages the carbon nitrogen dipolar coupling.

Since signal propagation through chemotaxis receptors is proposed to involve

mobility and mobility changes in the cytoplasmic domain [33][54][32][36], we chose to

apply REDOR to detect ms-timescale mobility in U-13C,15N-CF in native-like functional

complexes with unlabeled CheA and CheW. Experiments conducted on frozen samples
should match REDOR dephasing curves for the rigid limit dipolar coupling, and any
differences observed on unfrozen samples should be due to dynamics.

The experiments on frozen samples serve to demonstrate the approach needed to

analyze 13C{15N} REDOR of backbone carbons in a U-13C,15N-protein. Figure 4.3 shows

REDOR dephasing curves (black) for the backbone Cα-N (1.46 Å) and CO-N (1.3 Å) distances.
The REDOR data for the frozen protein samples (248K, blue symbols) do not fit these

curves, because the carbonyl and alpha carbon regions in the one-dimensional S0 and S

spectra (Figure 4.4) include overlapping resonances from other carbons. The integrated CO
region (170-190 ppm) contains Asp, Asn, Glu, and Gln sidechains, in addition to the

backbone CO. The integrated Cα region (50-75 ppm) contains all Cα except Gly, plus Ser Cβ

and Thr Cβ. Tables 4.1 and 4.2 illustrate how corrections for these overlapping resonances

are made to calculate the rigid limit REDOR curve for the frozen (regular font) and unfrozen
(bold font) samples. The strategy is to count the number of carbons contributing to S0 and
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∆S. For the Cα region, S0 starts with the number of residues, plus the number of Ser Cβ and

Thr Cβ minus the number of Gly. The Ser Cβ and Thr Cβ do not have directly bonded

nitrogens, so they do not contribute to ∆S. For the CO region, S0 starts with the number of

residues, plus the number of Asp, Asn, Glu, and Gln sidechains. The Asp and Glu sidechain

carboxyls do not have directly bonded nitrogens, so they do not contribute to ∆S. REDOR

curves for pure Cα or CO would plateau at ∆S/S =1. Tables 4.1-4.2 show the predicted final
∆S/S0 for the Cα or CO integrated regions. For instance, the Cα dephasing should plateau at
293/345=0.85. The Cα-N (1.46 Å) REDOR curve multiplied by the 0.85 correction factor

gives the predicted rigid limit curve for the frozen sample Cα REDOR. The correction factors
listed in Tables 4.1-4.2 were used to calculate the rigid limit curves for the frozen samples

(blue curves in Figure 4.3). Figure 4.3 shows good agreement between these curves and the
REDOR data for the frozen kinase-on (solid blue symbols) and kinase-off (open blue

symbols) samples. This demonstrates successful correction for overlapping resonances in
REDOR spectra of a U-13C,15N-protein, to obtain the predicted dephasing for all backbone
carbons.
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Figure 4.3: REDOR dephasing curves for 13Cα (left) and 13CO (right) resonances of U-13C,15NCF in functional complexes. Black lines are simulated REDOR curves for 1.46 Å and 1.3 Å
distances. Blue and red lines are the frozen and unfrozen rigid limits calculated based on
number of residues contributing to the integrated regions (Figure 4.4 and Tables 4.1-4.2).
Red dashed and dotted lines are the unfrozen rigid limit scaled to match the unfrozen data
points for kinase-on and kinase-off states, respectively. This scaling suggests that only 6070% (left) or 65-75% (right) of the backbone is rigid on the ms timescale, and the
remaining 30-40% is mobile enough to completely average the ≈ 1 kHz carbon-nitrogen
dipolar coupling. ∆S/S0 data for each dephasing time are calculated from the integrated
intensity over the 13Cα resonances (circles) and 13CO resonances (squares) for frozen (blue)
and unfrozen (red) samples of the kinase-on (solid symbols) and kinase-off (open symbols)
CF complexes. Error bars are smaller than the data points, so the 10% difference in the
mobile fraction between kinase-on and kinase-off samples is significant. Spectra were
recorded at 11.11 kHz MAS, with 10, 12, 14, 16, 18, 24, 34, and 44 rotor cycles of dephasing.

Figure 4.4. 13C{15N} REDOR S0 and S spectra of U-13C,15N CF in functional complexes with
CheA and CheW at frozen (left) and unfrozen (right) temperatures. With 1 ms dephasing
time, there is significant dephasing of backbone carbons (CO and Cα) and no significant
dephasing in the Cβ/Cγ regions that lack carbons with directly bonded nitrogens. The
smaller difference between S and S0 in the unfrozen sample is due ms timescale dynamics
that average the carbon-nitrogen dipolar coupling. Vertical lines indicate the regions
integrated for the backbone carbons and illustrate the contribution of Asn, Asp, Gln, and Glu
sidechains to the CO region (right), and the contribution of Thr Cβ and Ser Cβ to the Cα
region (left), which also does not include the Gly Cα resonance.
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Table 4.1. Residues (frozen/unfrozen) contributing to Cα resonance for calculation of rigid
limit REDOR dephasing curves.1
S0 spectrum

Backbone Cα
310/228

Cβ in Cα region2

Cα in other
regions3
-Gly (17/14)

Total4

+Thr (21/12)+ Ser
345/250
(31/24)
∆S spectrum 310/228
0/0
-Gly (17/14)
293/214
1All residues contribute to frozen CP spectra. For unfrozen spectra, previous studies have
identified 82 mobile residues which are observable in INEPT rather than in CP spectra.
Throughout the table, bold font indicates the CP-detectable residues in the unfrozen sample,
after subtraction of the 82 INEPT-detectable residues previously identified.
2Cα region is integrated between 50 ppm and 75 ppm, so Ser Cβ and Thr Cβ peaks found in
this region contribute to the S0 signal. But with no directly bonded nitrogen, they will not
dephase significantly (∆S=0).
3Gly Cα peak is not in this region, so will not contribute to S0 or ∆S.
4The rigid limit REDOR dephasing curve for Cα (1.46 Å, DCN=950 Hz) must be corrected for
the contribution of non-backbone resonances which do not have directly bonded N (Ser &
Thr) and thus will not dephase at this rate. The ∆S/S0 curve will plateau at this correction
factor rather than at one: correction factor for frozen REDOR curve = 293/345 = 0.85;
correction factor for unfrozen REDOR curve = 214/250 = 0.86.

Table 4.2. Residues (frozen/unfrozen) contributing to CO resonance for calculation of rigid
limit REDOR dephasing curves.1
S0 spectrum
∆S spectrum

1All

Backbone CO
310/228
310/228

CO sidechains2

Gln (25/17)+ Asn (12/9)+

Glu (21/13) + Asp (16/13)
Gln (25/17)+ Asn (12/9)

Total3

384/280
347/254

residues contribute to frozen CP spectra. For unfrozen spectra, previous studies have
identified 82 mobile residues which are observable in INEPT rather than in CP spectra.
Throughout the table, bold font indicates the CP-detectable residues in the unfrozen sample,
after subtraction of the 82 INEPT-detectable residues previously identified.
2CO region is integrated between 165 ppm and 175 ppm. CO sidechains in Gln, Glu, Asn and
Asp contribute to the S0 spectrum, but only Gln and Asn sidechain CO are directly bonded to
N and contribute to the ∆S spectrum.
3The rigid limit REDOR dephasing curve for CO (1.3 Å, DCN=1280 Hz) must be corrected for
the contribution of non-backbone resonances which do not have directly bonded N (Asp &
Glu) and thus will not dephase at this rate. The ∆S/S0 curve will plateau at this correction
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factor rather than at one: correction factor for frozen REDOR curve = 347/384 = 0.90;
correction factor for unfrozen REDOR curve = 254/280 = 0.91.
Comparison of REDOR dephasing of backbone resonances between the frozen and

unfrozen samples should reveal the presence of dynamics on the ms or faster timescale.

However, it is first important to correct for any differences in cross polarization between

frozen and unfrozen samples due to ns or faster dynamics. Prediction of the rigid limit

dephasing curve for the unfrozen sample requires a correction for overlapping resonances,
but this must be calculated only for the CP-detectable part of the protein. We have

previously shown that the CP- and INEPT-detectable spectra of unfrozen CF complexes sum

to the total protein detected with CP of a frozen sample, and have identified two segments
of the CF that are detected in INEPT spectra (and thus missing in CP spectra) [49]. So, to

calculate the rigid limit dephasing curves for the unfrozen CF complexes, the 82 residues of
the INEPT-detected segments are subtracted from total CF residues to yield the CP-

detectable residues in the unfrozen CF, listed in Tables 4.1-4.2 in bold font. This results in a
maximum predicted ∆S/S0 = 214/250 = 0.86 for the Cα dephasing curve and ∆S/S0 =

254/280 = 0.91 for the CO dephasing curve. These values are similar to the correction

factors calculated for the frozen rigid limit curves (0.85 and 0.90, respectively), resulting in
very similar rigid limit curves for the unfrozen samples (red solid curves in Figure 4.3).
Backbone carbons in unfrozen CF complexes exhibit significantly less 13C{15N} REDOR

dephasing than predicted for a rigid protein. The maximum ∆S/S0 for unfrozen CF

complexes (red symbols in Figure 4.3) is only 60-75% of the expected value, indicating that
a significant portion of the protein experiences sufficient backbone mobility to average the
carbon-nitrogen dipolar coupling to zero (no dephasing). Such mobility should have a

similar effect on REDOR dephasing of Cα and CO. Consistent with this, the final REDOR
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dephasing level for each sample is similar for Cα and CO, 60-65% for the kinase-on sample

(solid red symbols) and 70-75% for the kinase-off sample (open red symbols). This

indicates that ~35-40% of the kinase-on CF backbone and ~25-30% of the kinase-off CF
backbone has significant ms-timescale dynamics that motionally average the carbonnitrogen dipolar couplings to zero.

The initial slope of the REDOR dephasing reflects the backbone carbon-nitrogen

dipolar couplings experienced by the rest of the CP-detectable parts of the CF. The dashed

and dotted line REDOR curves in Figure 4.3, which are scaled to fit the final dephasing levels
for the unfrozen CF complexes, also show good correspondence with the data in the initial
slope region, which suggests that the backbone carbons that undergo REDOR dephasing

have rigid limit dipolar couplings. Therefore the REDOR data indicate that the CP-detectable
parts of the CF backbone experience heterogeneous dynamics on the ms timescale: some

parts have sufficient motion to average the CN dipolar coupling to zero, and the rest is rigid
on the ms timescale.

Interestingly, for all of the REDOR dephasing times, the kinase-on CF complex

exhibits less dephasing than the kinase-off CF complex. This difference is significant, since

error bars calculated for each ∆S/S0 are smaller than the size of the data symbols plotted in
Figure 4.3. Furthermore, a similar 10% difference in maximum dephasing is observed for

both the Cα and CO, suggesting a 10% larger fraction of the kinase-on CF experiences
complete motional averaging of the carbon-nitrogen dipolar coupling.

63

4.2.2. REDOR filtering for selective observation of protein regions with ms-timescale
dynamics

13C

We implemented a REDOR-filtered DARR pulse sequence, designed to measure 13C-

correlations corresponding to regions with ms-timescale dynamics (Figure 2.1). After

ramped cross-polarization from 1H to 13C to create the initial carbon magnetization, a

REDOR filter (1.5 ms dephasing time) is inserted to dephase backbone carbon resonances

from parts of the sample that are rigid, followed by t1 evolution. The 1.5 ms dephasing time
(17 rotor cycles at 11.11 kHz) is chosen based on calculated rigid-limit REDOR dephasing

curves. At this dephasing time, Cα and CO lose 90% and 100%, respectively, of their original

intensity. The next fastest dephasing occurs for carbons with 2-bond distances to nitrogen
(eg Cβ), which only dephase by 10% in 1.5 ms. Thus the ω1 dimension of the REDOR S

spectrum will retain all 13C that are not directly bonded to 15N, as well as 13C that are

directly bonded to 15N but have motionally averaged dipolar couplings. Then a short DARR

mixing time (20 ms) achieves transfer to carbons over one- or two-bond distances, followed

by t2 evolution [82]. The REDOR-S0-DARR spectrum, which is equivalent to a DARR

spectrum attenuated by T2 decay during the dephasing time, has all 13C-13C correlations
from both rigid and mobile regions. The REDOR-S-DARR spectrum exhibits reduced

intensity for the backbone carbons, retaining only the mobile Cα and CO in the diagonal

peaks, and cross peaks in the ω2 dimension for nearby carbons in these mobile regions.

The REDOR filter approach is general and can be combined with other experiments

to selectively observe mobile regions. Such experiments must employ mixing schemes that
are compatible with ms-timescale mobility. Mixing must be mediated by interactions

stronger than CN dipolar coupling, so the REDOR filter cannot be incorporated into NCα or

NCO experiments.
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4.2.3. REDOR-DARR on MLF demonstrates effective spectral editing
We used the rigid tripeptide f-MLF to demonstrate the REDOR-filtered DARR

approach. REDOR spectra of f-MLF are shown in Figure 4.5A for a 1.5 ms dephasing time.

Comparison of the S0 spectrum (blue) with the S spectrum (red) shows essentially complete
dephasing of carbons with directly bonded nitrogen: all three Cα are ≈ 90% dephased, Met

and Leu CO are ≈100% dephased, and the terminal Phe carboxyl is not dephased because it
lacks a directly bonded nitrogen. As predicted, the Cβ with the next-closest (2-bond)

distance to nitrogen are less than 10% dephased, and there is no detectable dephasing of
the Cγ, Cδ and Cε resonances.

The 2-D REDOR-filtered DARR experiment on f-MLF is illustrated in Figure 4.5B,

which is an overlay of the REDOR-S0-DARR (red) and REDOR-S-DARR (blue) spectra. The

REDOR-S0-DARR spectrum is equivalent to the DARR spectrum (see comparison in Figure
4.6), with all intensities reduced by T2 decay. As expected based on the lack of significant

dephasing in the REDOR spectra (Figure 4.5A), the REDOR-S0-DARR and REDOR-S-DARR

spectra are equivalent for ω1 in the 0-45 ppm range. The Cα and CO regions in the ω1

dimension demonstrate the REDOR filtering. The three small residual Cα peaks give rise to

correlations with the closest (directly bonded) carbons (Cβ and CO). The terminal Phe CO

peak, which has full intensity in ω1, gives rise to strong correlations with the nearest

carbons at one- and two-bond distances, Phe Cα and Phe Cβ. A similar behavior would be
expected for mobile regions of a protein sample if mobility is sufficient to average the

dipolar coupling to zero: the CO and Cα that survive the REDOR filter and appear in ω1

would transfer magnetization to nearby carbons in those residues during the mixing time,

producing CO-Cα , CO-Cβ, Cα-CO, and Cα-Cβ correlations that would help to identify the mobile
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residues. Application of this method to a protein with sequence-specific assignments should

enable identification of the residues in the mobile fraction.

Figure 4.5. Overlay of REDOR-S0 (red) and REDOR-S (blue) and corresponding REDORfiltered DARR spectra of U–13C,15N-MLF. (A) 1D REDOR spectra compare all 13C (REDOR-S0,
red) with 13C remaining after dephasing of carbons with directly bonded 15N (REDOR-S,
blue). (B) 2D REDOR-filtered 13C–13C DARR correlation spectra comparing REDOR-S0-DARR
(red, all 13C-13C correlations) with REDOR-S-DARR (blue, correlations of carbons remaining
after attenuation by dephasing of 13C directly bonded to 15N). Both 1D and 2D spectra show
that Phe CO, which is not directly bonded to 15N , is retained completely, while Met CO and
Leu CO are fully dephased. Spectra are at 14.1 T, with the MAS frequency of 11.11 kHz,
REDOR dephasing time of 1.5 ms, and DARR mixing period of 20 ms.
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Figure 4.6. Overlay of CP-DARR (blue) and REDOR_S0_DARR (red) spectra. Comparisons for
(A) MLF and (B) U-13C,15N-CF4Q in nativelike arrays with CheA and CheW confirm that the
REDOR-S0-DARR spectrum is equivalent to a CP-DARR spectrum with reduced intensity due
to T2 relaxation during the REDOR filter.
It should also be possible to use this method to deduce the amino acid composition of

the mobile fraction in proteins that lack fully resolved and assigned spectra. Peak volumes

in REDOR-filtered DARR spectra of MLF demonstrate a feasible strategy. As shown in Table
4.3, volumes of correlation peaks in the S0 spectra are not equivalent for M, L, and F, so

these cannot be used to deduce numbers of residues. The ratio S/S0 corrects for these

differences in S0 and demonstrates equivalent dephasing for the three Cα (only 10% of Cα-Cβ
and 8% of Cα-C peaks remain in the REDOR-S-DARR spectrum) and for L and M CO (only

5% of C-Cα peaks remain in the REDOR-S-DARR spectrum). The smaller S/S0 for C-Cα is

expected because the REDOR filter dephases more of the CO, due to its stronger dipolar

coupling to N (about 10% of the Cα remains after 1.5 ms REDOR dephasing). Note that 95%

of Phe C-Cα is retained because Phe CO is not directly bonded to nitrogen. MLF results

suggest that for a sample with regions with complete motional averaging of the CN dipolar
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coupling, the S/S0 ratio for each resolved residue type would provide an estimate of the

mobile fraction of those residues.

Table 4.3. S0 peak volume and S/S0 for both Cα-Cβ and C- Cα of f-MLF sample.
S0 for Cα -Cβ

S0 for C- Cα

S0 for Cα -C

S/S0

S/S0

S/S0

to Met)

to Phe)

to Met)

Cα-Cβ

C

Cα

(normalized
Met
Leu

Phe

1

0.72
0.76

(normalized
0.83

(normalized
1

0.88

0.84

1

0.68

for

0.10
0.11
0.09

for Cα0.08
0.08
0.09

for C0.05
0.05
0.95

4.2.4. REDOR-DARR on U-13C,15N-proteins identifies backbone regions with mstimescale dynamics
The REDOR-filtered DARR experiment was conducted on U-13C,15N CF in functional

complexes with CheA and CheW. Figure 4.7 shows an overlay of REDOR-S0-DARR (red) and

REDOR-S-DARR (blue). As expected and observed for MLF, a REDOR filter with 1.5 ms

dephasing time results in no differences between the blue and red spectra in the upper half
of the spectrum (ω1 ≤ 45 ppm). Differences are observed in the lower half of the spectrum,

where resonances of the rigid CO and Cα are removed by the REDOR filter, decreasing the

intensities in this region. The remaining peaks in the blue spectrum arise from mobile CO
and Cα that are not dephased by the REDOR filter (diagonal) and their correlations. As

discussed above, the S/S0 peak volume ratio in the REDOR-filtered spectra for resolved

correlation peaks can provide an estimate of the mobile fraction of the associated residue
type. These mobile fractions are tabulated in Table 4.4, which includes the strong Cα-Cβ

correlations (and excludes the weak Ile Cα-Cβ correlation with S0=0.1), and the only resolved
Cα-CO correlation for Gly. The bottom part of the spectrum (ω1 near 180 ppm) exhibits
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resolved sidechain correlations, with either no significant dephasing for the sidechains
lacking nitrogen (Asp Cγ-Cβ and Glu Cδ-Cγ with S/S0 of 98 and 102%) or large mobile

fractions for the sidechains containing nitrogen (Gln Cδ-Cγ and Asn Cγ-Cβ with S/S0 of 60 and
70%). Asn exhibits a higher mobile fraction for the sidechain (70%) than the backbone
(12%), which likely indicates the sidechain has additional mobility. Finally, Table 4.4

includes S/S0 for the unresolved 13CO-13Cα and 13Cα-13CO regions, corresponding to all CPdetectable residues except Gly.

Figure 4.7. Overlay of S0 (red) and S (blue) versions of REDOR-filtered 13C-13C DARR
spectra of functional complexes of U-13C,15N-CF4Q. REDOR-S0-DARR spectrum contains
13C-13C correlations for both rigid and mobile segments, while REDOR-S-DARR retains
13C-13C correlation with Cα and CO (ω1) only for residues with millisecond timescale
mobility. Dephasing time set to 1.5 ms for complete dephasing of rigid CO peaks and
90% dephasing of Cα peaks (both directly bonded to nitrogen), and only 10% dephasing
of Cβ (2-bond distance to nitrogen). Spectra collected at 11.11 kHz MAS frequency with
DARR mixing period of 20 ms.
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Table 4.4. Comparison of mobile fractions of each residue (S/S0 in REDOR-filtered DARR
spectra of CF in complexes) with residue distribution in functional regionsa of CF.b
NMR peak
S/S0 S0
FB1
FB2
FB1+FB2 PIR
PIRMH2
Ala Cα-Cβ

39%

1

18%

8%

26%

37%

tipc

23%

19%

24%

Phe/Asp/Leu Cα-

36%

0.3

19%

19%

52%

29%

38%

27%

23%

35%

43%

57%

42%

42%

14%

20%

40%

26%

21%

27%

Val Cα-Cβ
Cβ

22%

Asn Cα-Cβ

12%

CO-Cα & Cα-CO

25%

Gly Cα-CO

(all except Gly)

aRegions

9%

0.4
0.2
0.2

14%
14%
25%

20%

33%

25%

27%

50%

42%

25%

38%

8%

of CF defined according to the sequence alignments of Zhulin and coworkers
[83]: FB1 = 319-360 , PIR = 361-417, FB2 = 418-459, MH2 = 460-515.
bBold font indicates residue percentage is within 5% of mobile fraction; underline
indicates residue percentage differs from mobile fraction by over 20%.
cTip of CF (384-394) is likely to have different dynamics based on its hydrogen exchange
properties (X Li and LK Thompson, unpublished results).
The functionally important regions of the CF (represented in color on a monomer in

Figure 4.8A) are methylation helices 1 and 2 [MH1 (red) and MH2(orange)], the protein
interaction region (PIR, green) that interacts with CheA and CheW, and the segments

connecting these, known as the flexible bundle (FB1 and FB2, gray). To identify which

region(s) have the ms-timescale mobility selected by the REDOR filter, Table 4.4 compares

the S/S0 mobile fractions with the fractions of these residues in each CP-detectable region of

the CF (note that we have previously shown that MH1 is observed by INEPT, rather than CP
[49]). For example, there are 14 Ala residues in MH2 and 37 total Ala residues in CP-

detectable regions (Table 4.5). Thus if MH2 is the mobile segment, the S/S0 mobile fraction

for Ala would be 14/38=37%. The underlined percentages in Table 4.4 are those that differ

by more than 20% from the S/S0 estimate of the mobile fraction. These are found in all
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regions (columns) except the MH2 region. The percentages in bold font are within 5% of the
S/S0 estimate of the mobile fraction. The only region (column) with all percentages within

5% of the S/S0 estimate of the mobile fraction is MH2. Thus we conclude that MH2 is the

most likely region with ms-timescale dynamics.

Table 4.5. Number of residues in each CF region and total CP-detectable residues used for
calculation of S/S0 mobile fractions in Table 4.
NMR peak
Total
FB1 FB2 FB1+FB2 PIR
PIRMH2
Ala Cα-Cβ
Val Cα-Cβ

Phe/Asp/Leu CαCβ

CP-detectable
38

7

3

10

14

tipc

5

4

5

26

5

5

11

11

10

7

6

9

3

4

3

3

1

42

84

57

46

56

21

4

Asn Cα-Cβ

8

1

CO-Cα & Cα-CO

197

42

Gly Cα-CO

(all except Gly)

12

7

3

3
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6

5

3

14

1

Figure 4.8. Dynamics of the cytoplasmic domain of bacterial chemotaxis receptor in
complexes with CheA and CheW. (A) Functional regions of the CF (discussed in the text) are
represented by colors on a receptor monomer, with methylation sites shown in magenta.
(B) One hexagon from the hexagonal array model shows the chemoreceptor cytoplasmic
domain (gray) bound to CheA (blue) and CheW (cyan). Structural model for the receptor
array (coordinates courtesy of Brian crane [3]) is based on docking the 3ur1 crystal
structure into electron density observed by cryo-electron microscopy. Colors of the
receptor methylation helices are retained on the model of the complex to convey the
dynamics of these regions detected by NMR: MH1 (red) exhibits ns-timescale dynamics [49]
and MH2 (orange) exhibits ms-timescale dynamics within functional complexes.
The dynamics of the receptor CF within functional complexes are represented in Figure

6. Methylation sites on the CF are represented in magenta; CheA (blue) and CheW (cyan)

are bound at the membrane-distal tip of the receptor. Both methylation helices are dynamic:
MH1 (red) is detected in INEPT spectra due to ns-timescale dynamics [49], and MH2

(orange) is retained in the REDOR-filtered DARR spectrum due to ms-timescale dynamics.
It should be noted that such estimates of the mobile fractions of particular residue

types can only be made when the dynamics fully average the carbon-nitrogen dipolar

couplings to zero, as demonstrated above for the CF in its functional complexes. In a protein
with dynamics that result in partial averaging (eg DCN reduced to 500 Hz as observed by

Polenova and coworkers [81], the mobile backbone carbons retained in the REDOR-filtered

spectrum will have reduced intensities, due to partial dephasing. This will reduce S/S0

values so that they will no longer correlate with the residue percentages in different protein
regions.

4.3. Conclusion
We have demonstrated the use of 13C{15N} REDOR on a U-13C,15N-protein to estimate

the fraction of the protein backbone with ms-timescale dynamics. This can be used to gain
insight into the overall dynamic properties of a protein, and to detect changes in these
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dynamics between functionally important states. We have also shown that a REDOR filter

can be used to selectively observe backbone carbons with these dynamics, for instance in a

REDOR-filtered DARR experiment. For proteins with well-resolved, assigned peaks, REDORfiltered DARR would selectively detect residues missing in NCα and NCO spectra due to

motional averaging of the carbon-nitrogen dipolar coupling. For complex systems that lack
assignments, S/S0 can provide an estimate of the mobile fraction of some residues, to gain

insight into which protein regions exhibit ms-timescale dynamics. Such estimates can be
made when the dynamics are sufficient to fully average the carbon-nitrogen dipolar

coupling to zero, and require knowledge of which portions of the protein are CP-detectable.

Thus INEPT, REDOR-filtered CP, and CP experiments (eg REDOR ∆S) can be used both to

estimate the fractions of a protein with dynamics on different timescales, and to selectively
observe those fractions.

73

CHAPTER 5
REDOR TEST OF PROPOSED SIGNALING-RELATED SALT-BRIDGE
5.1. Introduction
Although a structural model of receptor arrays has been proposed [84][52], the

mechanism of controlling CheA and phosphorylation is still unknown. Changes in proteinprotein interactions at the hairpin tip of the receptor likely play an important role in

signaling. Zhulin and coworkers reported that E402 and R404 residues at the hairpin tip of

E. coli serine receptor (Tsr) are highly conserved and thus likely have essential roles in

signaling [83]. Parkinson and coworkers constructed a full set of single amino acid

replacements at these two sites to characterize their behavior using FRET assays, TMEA
crosslinking, and other in-vivo assays [39], with the following results.

E402 and R404 sidechains can be present in outer or inner environment of the

trimer of dimers. In the outer location, they are more solvent exposed (Figure 5.1) and

could play a role in CheA and CheW binding to promote assembly. Side chain mutations,

both small (eg. Ala) and large (eg. Phe), at these sites preserved the functionality, and the

receptor formed kinase-active complexes. These results suggest that outer E402 and R404

positions are not critical to complex assembly [39].

Inner E402 and R404 sidechains are packed against each other and against trimer

contact residues L378 and L380 that line the trimer axis (Figure 5.1). The close distance and
opposite charge of these two residues at the trimer interface suggests that they participate
in salt-bridge interactions, which may affect trimer structure and signaling within the

complexes [84]. To investigate this, the full set of single mutants were constructed at both

positions and each mutant was tested for core complex and array formation by kinase

activation and sensory adaptation [39]. Charge reversal mutation at E402 (such as E402K

and E402R) and R404 (such as R404D and R404E) positions resulted in irreversible signal
74

loss in kinase activity and structural instability. However, double mutation at both positions
with compensating charge reversals restored signaling and functionality. These findings

support the hypothesis that the internal salt-bridge enhances the structural stability of the
protein.

Figure 5.1. Location of the inner and outer E402 and R404 residues at the tip of the receptor
trimer of dimers. Dark gray ribbons are three subunits at the trimer interface and light gray
ribbons are three peripheral subunits. F396-F396’ pair (green) interacts at the interface of
each dimer. One of each inner and outer E402 (red) and R404 (blue) residues are labeled;
these occur at symmetric positions in the other dimers (not labeled). Reprinted (adapted)
with permission from [39]. Copyright 2017 Elsevier Ltd.
Ortega and coworkers proposed that signaling involves conformational changes at

the trimer of dimers interface based on molecular dynamics simulations [85]. This

conformational change involves the Phe396-Phe396’ pair at the tip of receptor, which are
highly conserved residues and serve as a conformational switch between kinase-on and

kinase-off states. Parkinson and coworkers incorporated the rotation proposed by Ortega et
al into a model in which the kinase-on state is stabilized by E402-R404 salt-bridge

interaction (Figure 5.2), and the kinase-off state is formed when one subunit (Figure 5.2,
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white helices) rotates away from another subunit and breaks the E402-R404 salt-bridge.
This is consistent with the effect of single charge reversals, which are locked-off mutants
(Figure 5.2) [39].

Figure 5.2. Proposed conformational dynamics of E402-R404 interactions. Gray circles are
stationary subunits and white subunits are proposed to rotate away in the kinase-off state.
The salt-bridge between the inner pair of E402-R404 is broken by rotation of the white
subunit. Single amino acid mutation at E402 and R404 which make the locked-off signal are
shown. Reprinted (adapted) with permission from [39]. Copyright 2017 Elsevier Ltd.
This chapter describes a strategy for using SSNMR to measure local structure and

structural changes at the tip of chemotaxis receptor cytoplasmic fragment in functional
complexes, to provide insight into the signaling mechanism. The goal is to test for the

presence of the proposed salt-bridge between inner E402 and R404 residues in both kinase-

on and kinase-off complexes using REDOR measurements.

5.2. Design of experiment to study salt-bridge

The trimer-of-dimers model (1qu7) shows close interdimer interactions between

the inner E402 and R404 residues, as suggested in the proposed salt bridge model. The
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interdimer distances between the Glu sidechain carbon (Cd) and Arg terminal nitrogens
(NH1 and NH2) are less than 4 Å, which is measurable by a carbon-nitrogen REDOR

experiment. To design an appropriate strategy, first we considered whether to use specific
labeling of 13C-Glu and 15N Arg or uniform 13C and 15N labeling is enough. We cannot use

specific 13C-Glu labeling as Glu scrambles, so uniform labeling must be used for 13C. Specific
15N-Arg

labeling would eliminate many N to C distances less than 5 Å throughout the

backbone but is more expensive specific (≈$245/ liter of growth media for 15NH2-Arg vs

$18/ liter of growth media for 15N ammonium sulfate). Using Pymol, we identified all 13CO

to 15NH2-Arg residues within 5 Å in the trimers-of-dimers model (1qu7), based on the

packing observed in the crystals of the E. coli serine receptor (1qu7) [86]. A 1 Å range was
added to allow for inaccuracies in the model. We searched for distances < 5 Å between

nitrogen in 15NH2-Arg and carbon in 13CO-Asp, 13CO-Glu, 13CO-Asn, 13CO-Gln and backbone
13CO.

We examined the model for close carbon nitrogen distances of 3 types: intramonomer,

intradimer (between two monomers in the same dimer), and interdimer.
5.2.1. Intramonomer salt-bridges

We found many intramonomer distances (partners present in the same receptor

monomer) of < 5 Å between N and C, shown in Table 5.1 (distances between Arg 15N and
backbone CO are not shown for simplicity). Since a carbon nitrogen REDOR experiment

would detect many intramonomer interactions of < 5 Å, it is essential to design the

experiment to exclude measurement of these. This can be achieved by purifying U-13C-CF
and U-15N-CF separately, and then assembling a 50:50 mix of both in vesicle-mediated

complexes with CheA and CheW.
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Table 5.1. Intramonomer interactions < 5 Å between nitrogen and carbon sidechains:
15NH2-Arg to 13CO-Asp, 13CO-Glu, 13CO-Asn, 13CO-Gln.
13C

15N

Distance (s)1

Type of interaction

Glu 479

Arg 482

3.8, 4.6 Å

Intramonomer

Asp 454
Glu 385
Glu 335
Glu 436
Glu 465
Glu 479
Glu 391

Asn 376
Asn 405
Gln 412
Gln 486
Gln 472

Arg 451
Arg 388
Arg 339

Arg 352
Arg 468
Arg 482
Arg 394
Arg 404
Arg 409
Arg 415

Arg 482
Arg 468

5Å

4.0 Å
4.0 Å

4.1, 4.6 Å
4.4 Å
4.5 Å
4.2 Å
3.7 Å
4.1 Å
3.8 Å
4.2 Å
4.8 Å

Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer
Intramonomer

Only ≤5 Å distances are shown in this table. There are two possibilities between ArgNH2
interaction and carbon. If just one distance is listed, it means that the other possibility is not
in the range of ≤5 Å.
1

5.2.2. Intradimer and interdimer salt-bridges
In addition to the intramonomer interactions, there are two intradimer interactions

(between two monomers in the same dimer subunit) in the CF model (Table 5.2), which could

interfere with measurement of the proposed interdimer E402-R404 salt bridge. The strategy
to remove these interactions from the NMR experiment is to create a sample consisting of

13C-dimers

and 15N-dimers. Disulfide crosslinking can be used to prevent subunit exchange
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between dimers. The CF4E.S272C mutant was initially chosen for the cross linking, because

a previous study showed that this mutant makes disulfides rapidly [87]. A sample consisting

of a mixture of

13C-CF4E.S272C

and

15N-CF4E.S272C

dimers will have no intradimer or

intramonomer interactions between 13C and 15N (Figure 5.3). The only interactions measured

by REDOR in such a sample are interdimer: the structural model contains two measurable (≤

5 Å) interactions, between E402-R404 and E385-R388 (Table 5.2). With such a sample there
will be no

13C

close to the

15N

backbone, so there is no reason to do the more expensive

specific 15N-Arg labeling. The sample will be made with uniform 15N labeling.

Table 5.2. All possible intradimer interactions from C to Arg N with ≤5 Å distances.
13C

15N

Distance (s)1

Type of interaction

Gln 325

Arg 451

4.3 Å

Intradimer

Glu 385

Arg 388

3.4, 4.1 Å

Intradimer

Figure 5.3. Mixing 50:50 of 13C-CF4E.S272C and 15N-CF4E.S272C dimers. Each dimer is
labeled with either 13C (red) or 15N (blue) by separate expression and purification. S272C
mutation leads to dimer formation (yellow) under oxidizing conditions. Using this design,
just interdimer salt-bridge(s) (green) would be detected in the REDOR distance
measurement. Trimer of dimers assembled randomly from a 50:50 mixture of the two
labeled CF samples would form the following combinations in a 1:3:3:1 ratio: three 13C
dimers (not shown), two 13C and one 15N (left), one 13C and two 15N (right), and three 15N
dimers (not shown).
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To determine whether CF4E.S272C is appropriate for this study, we first checked

kinase activity and complex formation of the mutant compared to wild type CF4E.

CF4E.S272C complexes have 78% activity of CF4E complexes under oxidizing conditions

(Table 5.3), and binding assays demonstrated the same 6:1:2 binding for CF:CheA:CheW.

Next, we monitored the extent of dimer formation. The protein was treated with 180 uM of

1,1′-azobis(N,N-dimethylformamide) (diamide) and then quenched with 10 mM freshly

made N-ethylmaleimide (NEM) [87], at different treatment times (10 min, 1 hour and

overnight). The amount of dimerization was measured by SDS-PAGE, on 10% acrylamide

gels, using reducing (RB) and non-reducing gel loading buffer (NRB, no β-mercaptoethanol)

(Figure 5.4). The gel results (Figure 5.4) indicate that all treatment with 180uM diamide
yield 90% dimer formation. Furthermore samples without diamide also contain 90%

dimers (Figure 5.5). Diamide treatment reduces activity slightly (10%, Table 5.3). Thus, the
final sample conditions chosen were vesicle-mediated CF4E.S272C complexes assembled
without using diamide.

Table 5.3. Kinase activity of CF4E.S272C vs wild type CF4E assembled with vesicles.
Sample

CF4E

CF4E.S272C
CF4E.S272C

template

treatment

Vesicle

No diamide

Vesicle

No diamide

Vesicle

With diamide
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Total Activity (s-1)
13.53±0.07
(100%)

10.52±1.02
(78%)
9.34±1.4
(69%)

Figure 5.4. Dimer formation for CF4E.S272C plasmid after 10 min, 1 hour and overnight
diamide treatment. Reducing buffer lane shows total CF4E.S272C, while non-reducing
buffer lane shows how much of that is in dimer form. The protein forms 90% dimer
formation for all three diamide treatment times.

Figure 5.5. Dimer formation of CF4E.S272C with and without diamide. Since the dimer-CF
co-migrates with CheA, we compared intensities of the monomer-CF band. The monomerCF band in the Total lane (T) under reducing gel loading buffer conditions gives the total CF,
while non-reducing buffer conditions give the residual monomer, which is 10% with or
without the oxidant diamide. Thus 90% of the protein is in dimer form with or without
adding diamide. Sedimentation assay shows the amount of binding are the same for both
conditions too.
5.2.3. Appropriate SSNMR experiment to detect the proposed E302-R404 salt-bridge
Carbon nitrogen distances can be measured either by 13C{15N} REDOR (13C-

observe,15N-dephase), or by 15N{13C} REDOR (15N-observe,13C-dephase). In both cases,
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observed dephasing is nonselective: all nitrogens dephase the carbons in a 13C{15N} REDOR
experiment, and all carbons dephase the nitrogens in a 15N{13C} REDOR experiment.

Frequency selective REDOR (fsREDOR) can achieve selective 15N or 13C dephasing [88]. For

instance, 13C{15N} fsREDOR would measure dephasing of CO by only 15Nε-Arg. But such
selectivity is not needed, since the only 13C to 15N distances < 5 Å in the mixed labeled

sample described above are 13C-Glu to 15N-Arg. So the simpler REDOR experiment will be
used rather than fsREDOR. Finally, we compared the advantages of performing a 13C-

observe vs 15N-observe experiment. Sensitivity is better for the 13C-observe experiment: for

512 scans on U-13C,15N-CF complexes at unfrozen temperatures, the peaks for the 11 Arg

residues have a signal to noise ratio (S/N measured by Bruker sino command) of 9 for the
Cz or 5 for the Nε. Thus 13C-observe provides 1.8-fold better sensitivity. A disadvantage of

13C-observe

is that the signal for the Glu sidechain carboxyl will not be resolved from the

other sidechains (Asn and Gln) and backbone CO. But these unresolved peaks will be

removed upon subtraction of the S and S0 spectra: the ∆S spectrum should be only the Glu
sidechains within 4 Å of 15N-Arg

To determine the feasibility of the NMR measurement we calculated how long does it

take to get one REDOR dephasing point with enough signal. We estimated the time needed

to see a single carbon in the proposed salt bridge with a sino of 3. For example, sino is 9 for
11 Arg in 512 scans of 13C-observe. Only half of Arg residues are in the inner position that

could make the salt-bridge and another half factor must be included because of mixing

50:50 ratio of 13C and 15N receptors as explained in figure legend of Figure 5.1. So, one
residue needs to be detected out of 44 (1/(11*4)). To calculate the time needed to get

enough signal to detect one Arg in REDOR experiment, we assume sino of 3 in needed. If for
11 Arg, sino is 9, sino would be 9/44 for detecting one Arg. We need 15 times more sino to
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reach sino equal to 3. It means 225 times more number of scan needed 15*15*512 = 32

hours to detect 1 Arg (assuming 1 s recycle delay). Frozen spectrum has ≈2x more signal-tonoise (23 vs 11) which means 4-fold less time is needed, so ≈ 8 hours to distinguish one

residue in frozen 13C-observe based on above calculations. Freezing the sample will also
prevent motions that could average the dipolar coupling and interfere with the distance
measurement.

15N-observe

spectrum has lower signal to noise for both unfrozen and frozen

temperature, which requires longer time for detecting the changes and it may not be

feasible. Finally, we suggest performing the REDOR experiment at 40 kHz MAS so that lower

power decoupling is needed and a faster recycle delay can be used. The paramagnetic nickel

in our sample shortens T1 so a 0.3 s recycle delay can be used, making the experiment three
times faster (see section 2.7.3).

An NMR sample consisting of a 50:50 mixture of U-13C-CF4E.S272C and U-15N-

CF4E.S272C in complex with CheA and CheW was assembled on vesicles. The kinase activity

and sedimention assays indicate 78% of wild-type activity and same amount of binding. The
sample was packed in a 1.9 mm NMR rotor and is ready for a REDOR experiment at frozen

temperature to detect whether the proposed salt-bridge is present in the kinase-on state. If
the salt bridge is detected, a kinase-off sample will be prepared to test whether this salt

bridge is broken in the kinase-off state.
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CHAPTER 6
SUMMARY AND IMPLICATIONS FOR SIGNALING MECHANISM
6.1. Summary: MH1 and MH2 are dynamic within functional complexes
Bacterial chemotaxis receptors are large multi-protein complexes with > MDa size,

making the study of the signaling mechanism quite challenging. Solid-state NMR enables us

to study dynamics of the system and provides useful information about signaling function.
The main objective of this project was to probe dynamics within the receptor cytoplasmic

domain within its functional complexes with CheA and CheW. To reach this goal, solid-state

NMR experiments were conducted on native-like arrays of the aspartate receptor

cytoplasmic fragment (CF) assembled with CheA and CheW on lipid vesicles or with

PEG8000 as a molecular crowding agent. INEPT and a novel REDOR method were employed

to probe dynamics on the ns and ms timescale, respectively.

INEPT experiments on U-13C,15N-CF in functional complexes revealed that MH1

(methylation helix 1, near the N terminus of CF) has ns-timescale mobility, comparable to

the mobility of the unstructured C-terminal tail. The greater mobility of MH1 than MH2 has

previously been observed by EPR on intact receptors in nanodiscs without CheA and CheW
[34], and by HDX-MS on CF complexes with CheA and CheW (similar to our samples) [36].

The high mobility of MH1 suggests that current alpha helical models of this region should be

reconsidered: MH1 is not a stable α-helix packed against MH2. MH1 is a key element in

signal propagation as it has connections to the periplasmic domain and contains three out of
four methylation sites. Others have suggested that the ligand-induced downward piston of
transmembrane helix 2 stabilizes HAMP, which in turn destabilizes MH1. This is consistent

with our observation of increased MH1 mobility in the kinase-off state. We suggest that this
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increased mobility destabilizes a key receptor contact with CheA, leading to CheA

deactivation.

Many NMR studies have used INEPT and CP methods to distinguish mobile vs rigid

regions proteins on the ns timescale [70][61][60][55][64]. Since ms-timescale motion is

important for processes such as global folding and domain motion, we developed a method

to detect the extent and location of ms-timescale mobility throughout the protein backbone.
This method detects averaging of an NMR parameter in the 1000 Hz range, the dipolar

coupling for directly bonded carbon to nitrogen. We demonstrated that 13C{15N} REDOR

applied to a U-13C,15N protein can be used to measure the fraction of the backbone with mstimescale mobility. This experiment demonstrates that a remarkable fraction (30-40%) of

the CF backbone has ms-timescale mobility within functional complexes with CheA and
CheW. To identify and selectively observe this mobile region, we developed a REDOR-

filtered DARR experiment. The REDOR-S0-DARR spectrum is equivalent to the DARR

spectrum, with T2 decay during the dephasing time, and has 13C-13C correlations for both
rigid and mobile parts of the sample. The REDOR-S-DARR spectrum exhibits reduced

intensity for the backbone carbons, retaining diagonal peaks for only the mobile Cα and CO

and correlation from these to nearby carbons. For a protein with sequence-specific

assignments, the resonances retained in the REDOR-S-DARR spectrum would identify

regions with ms-timescale mobility. For a protein that lacks resolved, assigned resonances,

such as CF, we demonstrated that the S/S0 ratios in the REDOR-filtered DARR spectra can be
used to identify the mobile segments. This analysis indicates that MH2 has ms-timescale

mobility.
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6.2. Signaling-related changes in MH1 and MH2 dynamics: proposed model
Our results suggest an interesting asymmetry in the methylation region of bacterial

chemoreceptors, with MH1 and MH2 exhibiting dynamics on different timescales and

undergoing opposite changes in dynamics during signaling: MH1 has ns-timescale dynamics
that increase in the kinase-off state and MH2 has ms-timescale dynamics that increase in
the kinase-on state. Based on these findings we suggest the following model, shown in

Figure 6.1: (1) In the receptor structure the MH2 helices are stabilized by packing against
each other (MH2/MH2’). The MH1 segments are not stabilized by such packing, and thus

experience ns-timescale dynamics similar to those of the unstructured C-terminal tail. (2)

The MH2/MH2’ interaction is strongest in the kinase-off state, which reduces the ms-

timescale dynamics of these helices. This also makes MH2 less available for interactions
with MH1, so MH1 exhibits increased ns-timescale dynamics. This is represented in the

kinase-off state in Figure 6.1 by a close association of MH2/MH2’ and by the bending

fluctuations of MH1 away from the MH2. Our model is consistent with the zipped-cap model

recently proposed by the Parkinson group for the serine receptor, based on mutagenesis

studies of the conserved LLF residues at the end (top) of MH2 [89]. In their model for the

kinase-off state, MH2/MH2’ helix packing is stabilized by interactions between the LLF

residues, which disfavors interaction with MH1/MH1’. In turn the kinase-on state (favored
by mutations disrupting LLF) disfavors MH2/MH2’ packing, which allows the MH1 helices

to pack against MH2 and make a more stable MH bundle arrangement [89]. Our results

suggest that MH1 does not pack against the MH2 helices in the kinase-off state (since MH1
still has ns-timescale dynamics), but has some increased interactions with MH2 other that
decrease MH1 mobility.
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Figure 6.1. Proposed model for signaling-related changes in structure and dynamics of
methylation region of receptors within functional complexes. MH1 (red, dashed outline)
experiences ns-timescale dynamics, which increase in the kinase-off state (bending
fluctuations). MH2 (orange) experience ms-timescale dynamics, which increase in the
kinase-on state (decreased MH2/MH2’ interactions, which allow for more interactions with
MH1).
6.2. Future studies
Similar INEPT and REDOR NMR studies of functional complexes of CF4E should be

conducted to investigate the effect of demethylation on the dynamics of MH1 and MH2, and
any other changes elsewhere in the CF. Based on the results of HDX-MS experiments on
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comparable samples of CF4Q, C4Q.A411V, and CF4E (X. Li and L. Thompson, manuscript in
preparation), we anticipate that CF4E will have dynamics similar to the kinase-off

CF4Q.A411V, but with even bigger changes. These experiments are in progress (N. Mallik).

We also suggest two NMR studies of local structure in the protein interaction region

of the CF. We have designed a REDOR strategy to test the proposal that the signaling

mechanism involves breaking an E402 to R404 salt bridge in this region, and have prepared

the first sample (kinase-on) for the NMR experiment (Chapter 5). If this REDOR experiment

finds evidence for the E402 to R404 salt bridge, a comparable kinase-off sample should be
examined to see if the salt bridge is broken. Also we suggest a study of the CheA/CF

interface using dREDOR [79] in a sample of U-13C,15N-CF with unlabeled CheA and CheW.

dREDOR uses 1H-15N and 1H-13C dephasing to remove 1H magnetization in the U-13C,15N
partner (CF) within a complex, followed by CP from protons in the unlabeled partners

(CheA and CheW) to CF residues at the interface with these proteins. This could provide
useful information about CheA contacts within the receptor, identify changes in these

contacts between signaling states, and test the proposal that CheA loses a key contact with

CF in the kinase-off state. This approach will require important controls to correct for

effects of dynamics on the experiment, and strategies for discriminating the CF interfaces
with CheA vs CheW.

To conclude, this work has demonstrated approaches for using INEPT and REDOR to

investigate dynamics in a protein lacking sequence-specific assignments. Regions were

assigned using a combination of biochemical approaches (protein truncation) and NMR

approaches (peak volume measurements correlated with amino acid distribution). These

applications demonstrate the promise of novel solid-state NMR approaches for the study of
a wide range of protein complexes.
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APPENDIX
APPARENT T2 BASED ON SIGNAL DECAY IN REDOR S0 SPECTRA

Figure A.1. Apparent T2 for backbone carbons in f-MLF. Data are peak heights in REDOR S0
spectra. Monophasic decay curves gave good fits for both Cα and CO, using OriginPro
software.

Figure A.2. Apparent T2 for backbone carbons in U-13C, 15N-CF4Q CF in complexes with CheA
and CheW. Data are integrals in REDOR S0 spectra. Monophasic decay curve gave good fit
for CO; biphasic decay needed to fit Cα.
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Table A.1. Apparent T2 on MLF and U-13C, 15N-CF4Q receptor in complex with CheA and
CheW.
T2 (ms)
exponential decay
MLF Met Ca

2.9

monophasic

MLF Leu Ca

3.5

monophasic

MLF Met CO
MLF Leu CO
MLF Phe Ca

MLF Phe CO

U-13C, 15N-CF4Q Ca

U-13C, 15N-CF4Q CO

2.5

monophasic

2.1

monophasic

2.8

monophasic

1.9

3.0 (26 %), 0.4 (74 %)
3.5
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monophasic
biphasic

monophasic
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